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POLARIZATION AT THE CATHODE IN A HIGHLY 
IONIZED GAS. 


By C. A. SKINNER. 


OME time ago the writer published a theory of the cathode fall in 
gases,' together with some applications, in which potential measure- 
ments in ‘‘ the Crookes dark space ’’ were made by introducing a wire 
and observing its potential. The measurements proved to be con- 
sistent with the theory. 

Basing his conclusions on some experiments of Ashton,? H. A. Wilson 
has recently published a theory of the cathode fall,* under the assumption 
that there is no appreciable difference of potential between the cathode 
and the adjacent gas—although wire sound measurements indicate it 
to be about one half the total cathode fall. If Ashton’s contention be 
true my theory is only true in part, and the derived magnitudes very 
much in error. On the other hand, if the wire sound measurements are 
reliable, Wilson’s theory covers but half the observed cathode fall and 
his derived magnitudes accordingly incorrect. The relative merits of 
the two theories are otherwise insignificant compared with the main 
question: Js there a large and relatively abrupt difference of potential 
between the cathode and adjacent gas, or is there none? 

In the writer’s opinion the experiments described below give incon- 
testable evidence that there is not only a distinct polarization P.D. 
between the cathode and the gas, but that it is of the magnitude indi- 
cated by the wire sound measurements. 

Ashton’s Experiments.—Skepticism as to the accuracy of wire sound 
measurements of potential in Crookes dark space is based on reasonable 

1C, A. Skinner, Puys. REv., N. S., Vol. V., p. 483, 1915; Vol. VI., p. 158, 1915. 


2F,. W. Ashton, Proc. Roy. Soc., A 84, p. 526, I9It. 
3H. A. Wilson, Puys. Rrv., N.S., Vol. VIII., p. 227, October, 1916. 
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considerations. But to assume that the error is, for example, eighty 
volts when an aluminium cathode is used and one hundred fifty volts 
when a steel cathode is used, seems hardly justified, when the experi- 
ments supporting the assumption are carefully considered. 

Ashton measured the electric intensity in his Crookes dark space by 
directing a fine stream of cathode rays—from a branch tube—parallel 
to the face of a rather large disk cathode and noting the deflection pro- 
duced. He had to deal with the average value of the field through 
which his stream passed. From this deflection he calculated the po- 
tential, and concluded that there was no appreciable P.D. between the 
conducting gas and the electrodes. 

There are several reasons for questioning the validity of Ashton’s 
conclusions. He worked with his cathode ray tube in open connection 
with the one under investigation, so that it was necessary to have the 
gas pressure low enough to give a cathode ray stream. It is a well- 
known fact, however, that the normal markings of the glow current 
disappear at pressures giving cathode ray streams satisfactory to work 
with. With the disappearance of the customary glow the current 
condenses largely into a bundle of cathode rays proceeding from a small 
area on the cathode, and little if anything definite can be concluded as 
to the current density or electric intensity at points off side. 

That Ashton was not working under normal glow conditions seems 
evident from the results of some tests made by the writer under the 
conditions given by Ashton. With hydrogen at a pressure giving a 
Crookes dark space 32 millimeters in extent, Ashton had only 265 volts 
between his electrodes. With a smaller tube (3 cm. in diam.) having as 
cathode an aluminium disk and as anode a wire extending into the 
negative glow I have been unable to maintain at such pressures any 
discharge whatsoever with a P.D. less than about 650 volts. The highest 
P.D. Ashton records for hydrogen was 610 volts, and this was used at a 
pressure giving a dark space 28 millimeters in extent. 

With an applied P.D. of about 700 volts the current in the present 
case was started at a higher gas pressure and the change observed as 
the pressure was gradually reduced. With a dark space about 25 milli- 
meters in extent its boundary began to fade out rapidly, the ordinary 
current going over into a small bundle of cathode rays proceeding from 
the center of the cathode. At the pressure which should have given a 
dark space of 32 millimeters, there was no trace of such a boundary left. 
At that pressure which should give 38 millimeters dark space the P.D. 
of 700 volts could not maintain any discharge through the tube. 

Ashton’s results should not therefore be taken as representing normal 
glow current conditions. 
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POLARIZATION AT A CATHODE PLACED IN THE NEGATIVE GLOW OF A 
SEPARATE CIRCUIT. 


Apparatus and Method of Experiment.—Entirely within the negative 
glow of what will be designated the ionizing current, were placed two 
relatively small plane electrodes A and B (Fig. 1) with their faces parallel 
to the direction of the ionizing current and their supporting stems 
sheathed in fine glass tubing. These electrodes, together with the gas 
of the negative glow, formed part of an otherwise carefully insulated 
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Fig. 1. 








circuit, consisting of a storage battery EZ, a d’Arsonval galvanometer G, 
and a protecting resistance Ro.1 The battery E was arranged to furnish 
readily any P.D. ranging from 2 to 300 volts—as measured by a Weston 
voltmeter kept in connection during all measurements. The current in 
the ionizing circuit was furnished by a similar but stronger battery. 
To keep the electrodes AB in the negative glow under different gas 
pressures, the cathode of the ionizing circuit was readily shifted along 
the axis of the tube by a screw device actuated through a ground joint. 

Let R; be the resistance, real or apparent, between A and B inside 
the discharge tube, and Ro the resistance of that part of the circuit 
outside the tube. Let E be the P.D. furnished by the battery, and c 
the current it produces—referred to in the following as the transverse 
current. 

Then 


E 
R; = — — Ro, 
Cc 


In case, with values of the transverse current that are small compared 
with the ionizing current, R; is found to be relatively large, it is to be 
concluded that it is concentrated between the cathode and the gas. 
For, the gas in the negative glow is known to be highly conductive; and 


1H. A. Wilson (Phil. Mag., V., 49, p. 505, 1900) used such a scheme to investigate the 
relative conductivity of the different parts of the glow current. 
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no appreciable difference of potential between an anode placed in the 
negative glow and the gas can be observed.' 

The following experiments reveal surprisingly large values for R,, 
and substantiate in various ways the conclusion that it is located between 
the cathode and the gas. 

Measurements with Transverse Electrodes of Aluminium.—The gas used 
throughout was hydrogen. It was introduced into the discharge tube 
by diffusion through a polladium tube heated to redness in a stream of 
commercial hydrogen. The electrodes serving for the ionizing current 
were of aluminium—the cathode being a disk (diam. about 2 cm.) with 
its back enclosed in glass to confine the current to its front face. 

Table I. gives a representative series of results obtained with A and B 


TABLE I. 
Aluminium Electrodes (Area: .25 sg. cm.). 


f 1.65 i 
Gas Pressure netens £45 quar 

















after 1.67 “ Ionizing Current: 1.50 m.a. 
chat (Milli-amp.). | (Otte). mt | (Milti-amps.).|  (Obuns). 
1.8 .0099 | 1.8 X 105 77.3 | 109 7.1 X 105 
3.85 0165 | 2.33 815 | 112 | 7.3 
5.65 0231 | 2.45 895 | 121 | 7A 
7.5 0280 | 2.85 97.5 129 |) 7.5 
9.2 0405 | 3.20 108. 142 | 76 
12.9 0405 | 3.20 120. 155 | 7.7 
18.5 0495 | 3.75 132. 174 7.6 
27.8 .062 | 4.50 143. 192 | 74 
39.0 074 | 5.25 51.3 | 87 | 5.9 
51.5 086 | 6.0 | | 
641 | 09 | 67 | | 


of thin plates of aluminium, rectangular in form (2.25 X 5 mm.), and 
both faces exposed. Their exposed surface, counting the edges, was 
very close to .25sq.cm. The resistance Rp was practically concentrated 
in a 20,000-ohm box. 

The procedure was to measure by the galvanometer G, the current c 
when a definite E was applied. From the values of c and Ro the drop 
in the external part of the transverse circuit was then calculated, and 

1 The potential gradient in the negative glow under the currents used hete is distinctly 
less than 1 volt/em. With a transverse current of one-tenth the magnitude oi the main 
current the drop of potential in the gas between the transverse electrodes A and B (3 mmm. 
apart) should theretore be less than one tenth volt. The anode fall in the same gas is not 


much larger than this, (See Skinner, Phil. Mag.) These values are therefore negligible 
compared with the P.D. applied between A and B throughout this investigation. 











weeny 














ma POLARIZATION AT THE CATHODE. IOI 


this magnitude—always relatively small—subtracted from E, giving the 
applied difference of potential (V, — V,) recorded in the tables. 

These values together with the calculated value of R; are given in each 
case. This calculated resistance is usually designated as the apparent 
cathode resistance. The observations are recorded in the sequence taken, 
those at the end being check observations. 

Table I. shows that, with an ionizing current of 1.50 m.a., the re- 
sistance R; between the transverse electrodes rises from 180,000 ohms 
under a transverse current of .oI m.a., to 770,000 ohms under one of 
.155 m.a. With a further increase in the transverse current R; then 
slowly decreases. In the preliminary experiments no protecting re- 
sistance R, was introduced. The transverse current increased slowly 
with E until about 100 volts was reached when a further increase in E 
produced a sudden rush of current which completely vaporized the 
transverse electrodes. 

Table II. gives a similar series obtained with an ionizing current of 


TABLE II. 
Aluminium Electrodes (Area: .25 sq. cm.). 


in Pressure Before 1.57 mm. 





after 1.59 “ Ionizing Current: 2.50 m.a. 
dio (Milli-amp.). (Ohms). Kona | (Milli-amp.). (Otis). 
3.1 .025 1.25 x 108 81. .200 4.05 X 10° 
9.7 .068 1.4 85.8 .210 4.1 
15.2 | .088 17 95.0 .225 4.2 
22.7 .104 ne 110.8 .260 4.3 
29.6 | .118 2.5 126.2 .290 | 4.35 
41.3 .140 2.95 140.6 .320 4.4 
53.8 .158 3.4 87.7 .215 4,1 
66.7 .180 3.7 10.4 .064 1.6 
75.1 .194 3.9 








2.50 m.a. For the same transverse current c the resistance R; between 
A and B is distinctly lower for the larger ionizing current, but its vari- 
ation with c is similar. 

Measurements with Platinum Electrodes —Table III. gives the results 
obtained when the aluminium electrodes A and B were replaced by 
platinum, having the same dimensions and at the same distance apart 
as the aluminium. The two metals are readily compared by referring 
to their respective curves in Fig. 2, in which, for the same ionizing current, 
the apparent resistance R; is plotted against the transverse current c. 

The two curves are similar in form but that for platinum distinctly 
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TABLE III. 


Platinum Elecirodes (Area: .25 sq. cm.). 


a ae { before 1.77 mm. 
































after 1.91 “ Ionizing Current: 2.50 m.a. 
° | 
dant | (Milli-amp.). | (onnis). Cone? (Milliamp.).| (Ohms). 
3.1 .022 1.4 X 105 80.5 165 | 49x 105 
6.2 038 1.65 92.5 .180 | §.1 
9.7 .049 2.0 105. 193 | 54 
14.1 .061 2.3 117. 206 | 5.65 
19.1 .073 2.6 128.5 .220 | 5.85 
30.6 095 3.2 142.5 233 | 6.1 
43.2 -116 3.7 925 | 176 5.25 
52.5 .130 4.05 52. 127 4.1 
65. .147 4.4 6.7 041 | 1.65 
74. 159 4.65 





higher than that for aluminium. This difference gives support to the 
argument that R; cannot be located in the gas between the electrodes, 
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Fig. 2. 


for then it should remain unchanged when the materials composing the 
electrodes are changed. 

With the highest values of (V, — V,) used in this series, platinum, 
unlike aluminium, shows no appreciable tendency toward a maximum R;,. 
Later tests however running to higher potential differences show the 
maximum to be as clearly marked with platinum as with aluminium. 


Measurements with a Platinum-Aluminium Pair.—A more interesting 
and more accurate comparison of these two metals was made by having 
one of the transverse electrodes of platinum and the other of aluminium— 
both having as nearly as possible the same dimensions, and similarly 
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situated in the negative glow. By simply reversing the applied P.D. 
first the one metal then the other served as cathode under identical 
conditions. 

The results of this simultaneous comparison, for the ionizing currents 
2.50 m.a. and 1.50 m.a., are given in Tables IV. and V. respectively. 


TABLE IV. 
Simultaneous Comparison of Aluminium and Platinum Cathodes (Area: .25 sq. cm.). 


_— Pressured Pefore 1.72 mm. 





























lafter 1.76 “ Ionizing Current: 2.50 m.a. 
V4—Vp (Volts). c (Milli-amp.). | R; (Ohms). 

Al. Cathode. | Pt. Cathode. Al. Cathode. | Pt.Cathode. Al. Cathode. Pt. Cathode. 
0.9 2.8 0043 | 0132 | 214x108 | 21x 108 
4.6 6.6 0296 032 | 1.55 | 2.05 

10.1 | 11.9 .063 .058 1.6 | 2.05 
17.7 20. .089 | 077 2.0 | 2.6 
27.3. | 29.5 .109 | 099 2.5 | 3.0 
37.4 | 39.7 132 117 | 2.8 | 3.4 
49.5 | 52. 151 | 138 | 33 3.8 
63.5 66. 175 .160 3.6 | 44 
= 80.5 .196 181 3.95 4.45 
94.5 | 97. .225 .206 4.2 4.7 
-.. 1. .260 | 234 4.3 | 4.9 
131. | 134. .295 .260 4.45 5.15 
155. | 158. .346 .295 4.45 5.35 
191. | 195. 475 .365 4.0 5.3 
17.8 20. .088 .079 2.05 _ 2.55 


The existence of a contact potential between A and B was revealed and 
its magnitude approximately determined from the applied P.D. neces- 
sary to produce zero transverse current. For Table IV. this was about 
1 volt, and for V. 1.2 volts. The values given under (V, — V,) are 
therefore the applied P.D. corrected by this amount. Inasmuch as 
this correction was not large anyway, the possible error, arising from the 
tacit assumption that it was the same at all values of the transverse 
current, is of no real moment. 

Inspection of these tables and the corresponding curves of Fig. 3, 
show as expected, a distinct difference in the magnitude of R; on simply 
reversing the direction of the transverse current. These results locate 
the resistance at the cathode; for, with aluminium as cathode and 
platinum as anode the value of R; is the same as when both electrodes 
were aluminium. With platinum as cathode and aluminium as anode 
they are distinctly higher, though not quite so large as in the previous 
experiment with both electrodes of platinum. 
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TABLE V. 





SECOND 
SERIES. 


Simultaneous Comparison of Aluminium and Platinum Cathodes (Area: .25 sq. cm.). 


Gas Pressure 


before 1.68 mm. 
& ; Bi 














Ionizing Current: 1.50 m.a. 


Ri (Ohms). 








V4— Vp (Volts). c (Milli-amp.). 
Al. Cathode. | Pt. Cathode. | Al, Cathode. Pt.Cathode. | Al. Cathode. | Pt. Cathode. 
7 3.0 002 .007 j3.5 X 108 4.3 X 10° 
4.5 6.9 .0152 .0178 3.0 3.9 
10.1 12.5 .0335 .033 3.0 3.8 
18.2 20.5 .047 0485 3.85 4.2 
25.7 28.1 .056 .054 4.6 a2 
36.0 38.0 .068 .065 5.3 5.85 
48.0 50.0 .079 075 6.1 6.7 
62.0 64.0 .091 .088 6.8 7.3 
76.5 78.5 .102 098 7.5 8.0 
94.0 96.0 119 111 7.9 8.6 
112.0 114.0 .136 124 8.2 9.2 
130.5 133.0 AS7 138 8.3 9.6 
150. 153. .186 158 8.1 9.7 
191. 193. .266 -200 7.2 9.6 
76.5 78.5 7.9 
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These results should remove all doubt as to the existence in general 


of a polarization at the cathode when an electric current flows through , 


an ionized gas. For it is found to exist here under circumstances most 


favorable to a vanishing magnitude of the electrode fall; namely, in a 
gas so highly ionized that the potential gradient necessary to maintain 
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a current through it is too small to be measurable. 
working conditions this polarization P.D. may not have an appreciable 
value, but the probability of its existence in general requires that it be 


taken into account. 


Under many of the 
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In these last tests the similarity in form of the resistance curves for 
both metals is clearly evident. Both show a minimum for low values 
of c and a maximum at higher values of c. The minimum and maximum 
both become larger and more abrupt with decreased ionizing current. 
It was suspected at first that the evidence of an appreciable value of R; 
for a zero value of c arose from extraneous conditions, but its persistence 
in all tests renders such a conclusion at least questionable. 

Variation in the Apparent Cathode Resistance with Ionizing Current.— 
A complete investigation of this problem would consist in obtaining the 
family of (R:, c) curves for various ionizing currents and different gas 
pressures. The curves of Fig. 3 suggest the general change in form 
with change in ionizing current. Such an investigation requires the 
metal tested to be in use so long that its condition is likely to undergo 
important changes before the series of measurements is complete. A 
simpler plan was devised. This consisted in making a study of R; 
under a definite applied P.D. and different ionizing currents—at various 
gas pressures. 

For this the transverse electrodes were again of aluminium—the same 
as used in Tables I. and II., their surfaces having been carefully cleaned 
by scraping. By reversing the applied P.D. first the one electrode, 
then the other, was used as cathode. In this way the one served to check 
the results obtained from the other. They were found to differ through- 
out by about five per cent., probably arising from a slight difference in 
surface. 

Tables VI. and VII. give an uninterrupted series of measurements all 
with an applied P.D. of about 80 volts between the transverse electrodes. 
Each group of measurements consisted in observing, with a given gas 
pressure, the transverse current ¢ with various ionizing currents. Then 
another group was taken with fresh gas, and so on. The pressure re- 
corded at the top of each group was the initial; that at bottom, the 
final. The slight increase recorded did not, as shown, appreciably 
change the results. 

The magnitude of the applied P.D. was chosen at 80 volts for various 
reasons. It was large enough to eliminate the possibility of disturbance 
arising from contact potential, resistance in the gas, anode fall, and the 
like. It is distinctly below the magnitude which causes, as explained 
later, a disturbing ionization by the electrons freed from the transverse 
cathode. Finally, it is of the magnitude which the wire sound indicates 
as present between gas and cathode under ‘“ normal ’”’ cathode current 
density; so that a comparison could be made between the resistance of 
the cathode placed in the negative glow and that of the main cathode 
working under normal conditions. 
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TABLE VI. 
Aluminium Cathodes—(Area: .25 sq. cm.)—Various Ionizing Currents. 
Gas loniz. on ¢@™. @.). | &, (Chane). Ma ty 
Press.| Current A's 
(mm.).| (m.a.). | (Welts). | Conode Cumete | Gupete | Cathode | Cathode | Cathode 
A. B. A. B. 
1.63 | 1.50 | 79.5 .107 .102 paer 7.8 X 10°)11.1 < 10°/11.7 x 108 
2.00 | 78.5 161 152 | 4.9 5.2 9.8 10.4 
2.50 79.5 .210 200 | 3.8 4.0 9.5 10.0 
3.00 | 78.5 .255 243 | 3.1 3.2 9.3 9.6 
3.50 | 80.0 305 290 | 2.6 2.75 9.1 9.6 
4.00 | 79.5 335 325 | 2.4 2.45 9.6 9.8 
1.67 | 1.50 | 79.0 .106 102 | 7.5 7.8 11.2 11.7 
1.39} 1.00 | 79.5 .070 066 11.3 12.0 11.3 12.0 
1.50 | 78.5 .120 115 | 6.5 6.8 9.8 10.2 
2.00 | 77.5 174 167 | 4.45 4.65 8.9 9.3 
2.50 | 78.0 .225 213 | 3.5 3.7 8.8 9.2 
3.00 | 77.0 .270 255 | 2.85 3.0 8.5 9.0 
3.50 | 78.5 315 300 =| 2.50 2.60 8.8 9.1 
4.00 77.5 .350 335 = 2.22 2.32 8.9 9.3 
1.43 | 1.00 79.0 .072 .069 11.0 11.5 11.0 11.5 
1.15 75 | 79.5 057 054 13.9 14.7 10.4 11.0 
1.00 | 79.0 .086 082 | 9.2 9.6 9.2 9.6 
1.50 77.5 .143 137 | 5.4 5.6 8.1 8.4 
2.00 78.5 .187 178 =| 4.2 4.4 8.4 8.8 
2.50 | 78.0 .230 220 | 3.4 3.55 | 8.5 8.9 
3.00 | 77.5 .270 255 | 2.9 3.05 8.7 9.1 
3.50 | 78.5 310 300 | 2.53 2.62 8.9 9.2 
1.20 75 | 79.5 058 | .056 |13.6 14.2 |10.2 10.6 
Sx 10” 
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Fig. 4. 


An interesting relation is brought out in these tables (VI. and VII.), 
and shown also in the corresponding curves of Fig. 4, where the products 
of cathode resistance by the ionizing current are plotted against ionizing 
currents. 
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TABLE VII. 
Continuation of Table VI. 
| 
Gas Ioniz. Fan 7, | aati | & (Ghmei. | bemttinn Goteeke. 
Pres. | Current. df a ae 
(mm.)| (m. a.) (aS Cathode | Cathede Cuthede Cathode | Guajate | Cathode 
——_—" | 
1.05 4 80.0 038 | .035 21.0105 23.0105 10. 5x10 11.5105 
| 79.0 | 061 | 061 125 [129 | 9. (9.7 
100 79.0 | 091 | .085 | 8.7 9.3 | 87 9.3 
| 1.50 78.0 136) 132 | 5.7 59 =| 8 8.8 
| 2.00 78.0 A88 | 185) | 4.15 4.2 | 8. ; 8.4 
2.60 77.5 230 217 | 3.35 3.55 84 | 89 
| 3.00 77.0 | .265 250 | 2.9 3.1 | 8.7 9.3 
1.10) .75 79.0 | .063 | .059 12.5 13.3 '94 (10.0 
87 | 50 | 785 | 0435 | 040 180 18.6 | 9.0 (93 
75 78.0 | .069 065 11.3 120 | 85 9.0 
1.00 | 77.5 094 090 | 8.2 8.6 =| 8.2 | 8.6 
1.50 76.5 | .146 138 | 5.2 5.5 | 7.8 | 8.2 
| 2,00 78.5 | 192 | 183 | 41 4.3 | 8.2 | 8.6 
| 2.50 78.0 | 225 | 215 (345 (365 |86 |91 
90 | 3.00 | 77.5 260 | .250 | 3.0 | 3.1 9.0 | 9.3 
60 50 | 79.0 | .051 0485 15.5 16.3 7.8 8.1 
75 78.5 076 073 10.3 10.8 = | 7.7 | 8.1 
| 1.00 78.0 099 094 |79 | 83 79 =| 83 
| 150 | 77.5 | 140 | 134 |55 | 58 8.3 | 87 
2.00 79.0 180 173 | 4.4 | 4.6 8.8 9.2 
/ 250 | 785 | .213 | .203 13.7 |385 |92 | 96 
63 | .50 78.5 051 049 15.4 16.0 | 7.7 8.0 
40; .50 | 79.5 055 051 |14.5 5.6 |72 | 78 
| .75 79.0 077 073 |10.2 10.8 7.7 8.1 
| 1.00 78.5 095 091 | 83 (86 | 83 | 8.6 
1.50 78.0 131 | 124 (60 | 63 90 | 94 
| 2.00 79.5 168 | 158 | 4.75 | 5.0 9.5 10.0 
43 .50 78.5 053 | .050 14.8 15.7 7.4 | 7.8 


Assuming that the transverse P.D. is concentrated at the cathode we 
find: for a given polarization P.D. at the transverse cathode, its apparent 
resistance 1s nearly inversely proportional to the ionizing current, and nearly 
independent of the gas pressure. 

This observed relation appears to have a simple explanation. What- 
ever may be the exact nature of the apparent cathode resistance it must 
be separately encountered by each discharging ion. The current should 
therefore be proportional to the number of ions simultaneously engaged 
in discharging, and this number—other conditions remaining the same— 
should be proportional to the number of positive ions per c.c. in the gas 
surrounding the cathode. To have this explanation fit the case it 
would require that the number density of ions in the negative glow be 
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nearly proportional to the current density of the ionizing current. Gen- 
eral considerations indicate this to be true. One of the unique features 
of the glow current is that the potential gradient changes but very slowly 
with increasing current density, meaning that the number of ions per c.c. 
carrying the current must be nearly proportional to the current density. 

If this explanation be accepted the above results are easily interpreted. 
The curves all show a minimum product at some definite ionizing current. 
Here the ratio of number of positive ions per c.c. to the ionizing current 
is a maximum, and the number density proportional to the current. 
As the gas pressure is lowered, this ratio slowly increases. 

For the purpose of later reference we will express the relation in mathe- 
matical form: 


R; «= for (V4, — Vg) = const. (1) 


Sie 


where R; is the apparent cathode resistance, m the number of positive 
ions per c.c. and (V, — V,) the polarization P.D. at the cathode. 

Resistance at the Transverse Cathode Compared with that at the Main 
Cathode.—This comparison is especially valuable because it proves that 
wire sound measurements in Crookes dark space are reliable; and, it is 
from such measurements that knowledge of conditions from point to 
point in the gas is obtained. 

The problem to solve is: Given the same polarization P.D. at both 
cathodes, to calculate the apparent resistance per sq. cm. at each when 
the current density in the tube is the same. 

In a previous article on the cathode fall' are given potential measure- 
ments taken with a wire sound at different distances from an aluminium 
cathode in hydrogen. From these the magnitude of the polarization 
P.D. at the cathode was obtained by theoretical extrapolation—prac- 
tically linear. Two of the gas pressures given there are the same as two 
given in Table VI., namely:1.6 mm.and1.1mm._ For these, at ‘‘normal”’ 
cathode current density, the average polarization P.D. at the cathode 
was 78 volts. The ‘‘normal ”’ current density for the first pressure was 
.192 m.a./cm?.; for the second, .og1 m.a./cm?. The apparent resistance 
per sq. cm. for the first was therefore 


8 
For X93 = 41 X 108 ohms 
for the second 
8 
091 = — = 8.6 X 10° ohms. 


1C. A. Skinner, Puys. REv., N.S., VI., pp. 160, 161. 
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In Table VI. the minimum product of R; by the ionizing current, for a 
pressure of 1.63 mm., was 9.3 X 10°. This was from a transverse cathode 
having an area of .25cm?. It is also with the total ionizing current which 
was spread over a cross-section of about 3 cm®.—the area of the main 
cathode. To obtain the product in terms of cathode resistance per 
square centimeter, and ionizing current density, we have 

25 


3 X 9.3 X 10° = 7.8 X 10+. 


From this, the resistance per sq. cm. of the transverse cathode for 
“normal ”’ current density at the main cathode at the same pressure, 
may be calculated if the product be assumed to remain constant. We 
have then as calculated resistance for the first case: 

7.8 X 108 


= 4.1 X 10° ohms, 
.192 


similarly, for the second case: 


7-0 X 10* 


ai 5 
091 7.7 X 10° ohms, 


as compared with the corresponding magnitudes at the main cathode of 
4.1 and 8.6 X 10° ohms. The average agreement is unexpectedly good, 
and proves that the wire sound measurements in Crookes dark space are 
reliable. 

The Form of the Resistance Curve.—The curve for aluminium in Fig. 2 
may be taken as typical of the (R;, c) curves. At the lower magnitudes 
of c the values are rather unexpected but they are regularly present. 
Beyond this region however the curve assumes almost a straight line 
direction from the origin, and holds it for some distance. This straight 
line gives a simple law for the cathode resistance so long as the trans- 
verse current remains between two fairly well separated magnitudes. 
The deviation of the curve from the straight line, at the higher values 
of c, is probably caused by the increased density of ionization which the 
electrons from the transverse cathode produce in the surrounding gas. 

Assuming this we calculate the resistance at Q (Fig. 2) as that which 
would be obtained if an ionizing current of 2.83 m.a. were used instead 
of 2.50 and there were no superposed ionization arising from the electron 
current from the transverse cathode. 

We will now formulate a tentative law governing the polarization P.D. 
and test its applicability to the general results. 

Let V; be the polarization P.D. at the cathode—the same as (V, — V3) 
in the tables—j the cathode current density, R, its apparent resistance 
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per sq. cm., and m the number of positive ions per c.c. in the gas surround- 
ing the cathode. From (1) 


Ry, « - for Vs = const. (2) 


From the above considerations 


R, <j for m = const. (3) 
Equation (2) gives 
Vp, = jRo 
- 
n 
hence 
j«n for Vs = const. (4) 
Similarly from (3) 
j« V,'" for mn = const. (5) 
Combining (4) and (5) 
jx nVe. 


This gives the simple tentative law for the polarization P.D. 
_ (2 ): 
1 =2(2 (6) 


where g is a constant. Inspection of the experimental results indicate 
that, with an aluminium cathode in hydrogen, it should hold for values 
of V; between about 20 and 80 volts. 

Something of the nature of this polarization phenomenon is suggested 
by substituting the customary relation between j and m. For those 
conditions where the electron current from the cathode is a negligible 
part of the total current, we have simply 


j= neu (7) 


in which e is the ionic charge and u the velocity of the positive ions 
where their number density is m. Substituting (7) in (6) 


Ve = geru?. (8) 


In those cases where it is simply necessary to maintain a terminal velocity 
of the ions, the P.D. necessary is proportional to that velocity. Here, we 
find it proportional to the square of the velocity, as if it produced an 
acceleration. This is in keeping with the view that the polarization 
P.D. is necessary to overcome the kinetic energy of rebound of the 
discharging ions. 

The applicability of (8) to the general results obtained from the 
cathode will now be tested. The following general relation has been 








a 
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found to hold in the space between the cathode and negative glow: 
With the cathode at zero potential, and its current density a definite multiple 
of the “‘normal”’ value, the potential at any definite number of mean free 
paths from the cathode 1s the same, over a wide range of gas pressures. 
Stated more definitely for the purpose of present application: The 
polarization P.D. at the cathode remains constant over a wide range 
of gas pressures so long as the potential gradient per cm. E in the gas 
just outside the polarization region, is proportional to the gas pressure p. 
That is, we have the experimental relation 


V, = const. for E« p. (9) 
From the law of mobility 
E 
eoa>, 
Substituting this in (8) gives 
E 
vs « (5): 


which states that, as in (9), Vj is constant for E « p. Thus we find our 
tentative law predicts the general cathode relations. 


SUMMARY. 


1. Considerations and experimental results are given showing that 
Ashton’s experiments, indicating that there is no difference in potential 
between a cathode and the conducting gas adjacent to it, were not made 
under normal glow current conditions, as he assumed. 

2. A series of experiments are described which show that a cathode 
placed in the highly ionized negative glow, where a polarization P.D. 
would be least expected, shows it present in large magnitude. 

-3. For a constant polarization P.D. at the cathode, the apparent 
cathode resistance per sq. cm. is nearly inversely proportional to the 
ionizing current and nearly independent of the gas pressure. From these 
relations it is concluded that the apparent cathode resistance is simply 
inversely proportional to the density of the positive ions in the gas around 
the cathode. 

This relation is applied to calculate the apparent resistance of the 
transverse cathode with ‘ normal” cathode current density at the 
main cathode. The calculated magnitude was the same as that ob- 
tained from wire sound measurements at the main cathode, under the 
same conditions. It therefore proves the reliability of wire sound 
measurements in Crookes dark space. 


1C. A. Skinner, 1. c.; W. L. Cheney, Pris. Rev., N.S., Vol. VII., p. 241, 1916; Wm. News- 
wanger, id., p. 253. 
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4. Between two fairly well separated values of the polarization P.D. 
the apparent cathode resistance is, for constant ionizing current, prac- 
tically proportional to the current density. The deviation of the re- 
sistance curve from a straight line at the higher potentials probably 
arises from the extra ionization produced by the electrons escaping from 
the transverse cathode. 


Brace LABORATORY, 
UNIVERSITY OF NEBRASKA, 
November, 1916. 
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THE INFLUENCE OF WATER OF CRYSTALLIZATION UPON 
THE FLUORESCENCE AND ABSORPTION SPECTRA 
OF URANYL NITRATE. 


By Epwarp L. NICHOLS AND ERNEST MERRITT. 


HE most striking characteristic of the fluorescence spectra of the 
uranyl salts is the presence of series in which the bands, when 
plotted on the frequency scale, are spaced at constant intervals. The 
frequency interval is apparently the same for the different series in the 
spectrum of a given salt and varies only slightly from one salt to another. 
The spectra observed with different uranyl salts are so similar in their 
general characteristics that we can scarcely doubt that the nature of 
these spectra is chiefly determined by the radical UOz. Apparently the 
uranyl radical contains a group of electrons whose arrangement is such 
as to permit of vibrations that give this type of spectrum; and although 
UO, is not stable in the chemical sense and must be combined with some 
acid in order to form a stable compound, yet the effect of the acid radical 
is merely to modify the constants of this vibrating system in the UO; 
radical without changing the type of vibration. It is natural to expect 
that the addition of water of crystallization would produce a similar 
effect; and it is our intention to present in this paper the results of a 
study of the influence of water of crystallization upon the fluorescence 
and absorption spectrum in the case of uranyl nitrate. 

The nitrate is particularly suited for such an investigation because of 
the fact that several different hydrates are formed. Crystals grown from 
a water solution contain six molecules of water. In an acid solution 
crystals are formed with three molecules of water. In both cases crystals 
may be obtained which are large enough to permit of observations being 
made with a single crystal. By methods described later small crystals 
containing only two molecules of water are readily obtained. It is a 
matter of some difficulty to push the dehydration further, but specimens 
have been prepared for us by Mr. D. T. Wilber which we have reason 
to believe are either anhydrous or formed of a mixture of the anhydrous 
salt and the monohydrate. 

In the case of the hexahydrate wave-lengths were in most cases deter- 
mined photographically. Visual observations were, however, also made, 
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although these could not be extended throughout the whole spectrum. 
The agreement between measurements made by the two methods was 
surprisingly good. In the case of weak bands lying near to bands of 
great intensity the visual observations were found to be best. The 
results given for the fluorescence spectra of the other hydrates and for 
the anhydrous salt are based upon visual observations exclusively. 

For observations of the fluorescence spectrum the carbon arc was 
generally used as an exciting source, suitable absorbing screens being 
interposed to cut wave-lengths longer than about 4800 A.U. In study- 
ing absorption the continuous spectrum of the gas filled tungsten lamp 
was found more satisfactory, although the carbon arc was also used. 

All observations were made at the temperature of liquid air. 


THE HEXAHYDRATE, UO.(NO3)2 + 6H2O. 


The hexahydrate crystallizes in the rhombic system with the axial 
ratio a: b:¢ = 6837 :1 :6088. The crystals were grown in the form 
of plates by using a water solution whose depth was equal to the thick- 
ness of the plate desired. Single crystals as large as 15 mm. in diameter 
were obtained with relatively little difficulty. All of the results here 
discussed are based upon observations made with single crystals. The 
general character of the spectrum is shown in Fig. I. 

In the great majority of cases wave-lengths were measured photo- 
graphically, both in the fluorescence spectrum and in the absorption 
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2000 







1600 FLUORESCENCE 


Fig. 1. 


Fluorescence and absorption spectra of uranyl nitrate hexahydrate. Fluorescence bands 
are plotted above the line; absorption bands below. The intensity is roughly indicated by 
the length. The horizontal scale is one of reciprocal wave-lengths. 


spectrum. In the few instances where visual observations were also 
made, these were found to agree remarkably well with the results ob- 
tained from photographs. In selecting the data to be used in taking a 
final average each negative was carefully studied and measurements 
that seemed for any reason doubtful were discarded. The elimination 
of doubtful observations was made without reference to the agreement 
or lack of agreement between the different measurements, and was in 
fact completed before the measurements of the different negatives were 
compared. About forty negatives were used, although the number 
used for any one line was rarely more than ten. 
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The errors of calibration of the spectrograph and spectrometer can 
hardly exceed 1 A.U. except perhaps in the extreme red end of the 
spectrum. The uncertainties due to the faintness of certain bands, to 
their finite width, and to photographic broadening are more difficult to 
estimate and undoubtedly differ greatly with the character of the band 
and its position in the spectrum. In the case of the sharper bands of 


; TABLE I. 
Series in the Fluorescence Spectrum of Uranyl Nitrate Hexahydrate [UO2(NO:)2 + 6H:0}. 





1 


























Inten- | Relia- 13 I | Inten- Relia- I | I 
sity.) | bility.? x Ay: | sity. | bility. x | Ay: 
'v.d.| 2 | F 1760.1 (| m.| 1? | F 1631.3 
aq|v:4d-| 1 1846.0 | 85.9 d.| 3 | 17184 | 87.1 
d.| 2 1930.1 | 84.1 m.| 4 1803.6 | 85.2 
m.| 4 | F 2018.2 | 88.1 | m.| 5 1889.6 | 86.0 
| m.| 5 1976.4 | 86.8 
fi'v.d.| 3 | F 1689.5 ri) «| 4 | F 2061.9 | 85.5 
‘a3 2 1775.0 | 85.5 | | | | 
Bd | m.| 4 1861.1 | 86.1 | m.| 4 A 2061.7 | 
m.| 5 1947.1 | 86.0 | m.| 4 A 2148.7. | 87.0 
str.| 5 | F 2034.5 | 87.4 | m.| 4 A 2234.1 | &5.4 
d.| 3 | A 2207.3 | 86.4(2) | str | 3 A 2321.0 | 86.9 
Liv.d.| 1 | A2491.9 | 85.5x2 
‘| d.| 3 | F 1699.0 | | | 
d.| 2 1785.1 | 86.1 | a} 3 | F18104 | 
C4 d.| 2 1869.0 | 83.9 G | di] 4 1897.3 | 86.9 
v.d.| 1 1956.2 | 87.2 |v.d.| 2 1983.1 | 85.8 
m.| 2 2041.5 | 85.3 | 4d] 1 A 2241.6 | 86.23 
v.d.| 1 | F 1534.9 iv.d.| 3 F 1649.7 | 
d.| 3 1621.0 | 86.1 iv.d.| 2 1737.4 | 87.7 
m.| 4 1706.8 | 85.8 Hi! d.| 1 1822.0 | 84.6 
Di| str.| 5 1792.5 | 85.7 _om| 4 1906.7 | 84.7 
str. | 5 1877.8 | 85.3 | m| 4 1993.4 | 86.7 
str.| 5 1963.6 | 85.8 | 
L| dal] 3 2050.0 | 86.4 ' iv.d.| 2 1826.0 | 
{ v.d.| 2 1911.7 | 85.7 
r yv.d.| 1 | F 15401 | | | 
d.| 2 1629.2 | 89.1 d.| 3 F 1665.5 
m.| 3 1715.0 | 85.8 m.| 3 1751.8 | 86.3 
str 5 1800.0 | 85.0 d.| 3 1837.8 | 86.0 
E2 str 5 1886.1 | 86.1 J+| m.| 4 F 1923.1 | 85.3 
str. | 5 1972.5 | 86.4 | 
str.| 5 | F 2058.5 | 86.0 d.| 4 | A 2268.3 | 86.3x4 
| od.) 1 | A2440.2 | 86.0x2 
m.| 5 | A 2058.6 | . -| | 


1Estimated. Str., strong; m., medium; d., dim; v. d., very dim. 
2 The most reliable results (as indicated by the number and consistency of the individual 
measurements, the appearance of the negatives, etc.), are marked 5; the least reliable by 1. 
3 The unit in which 1/A is expressed is such that forA = 5,000 A.U. 1/A is written 2000. 
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moderate intensity we feel that the averages that are here tabulated are 
reliable within 1 A.U. In other words the reciprocal wave-lengths are 
accurate to within about .o2 per cent. For the faint or hazy bands the 
possible error is undoubtedly much greater. 

Of the fifty-five fluorescence bands observed forty-six can be arranged 
in nine series as tabulated below, the frequency interval being nearly 
constant in each series. Two of the remaining bands have the same 
interval, and apparently form part of a series whose other mentbers were 
too weak to detect. The seven bands that do not fall in any series ar- 
rangement are all extremely weak and since in most cases they are 
recorded only once their existence is subject to considerable doubt. 
Estimates are given in the table of the intensities of the different bands 
and of the reliability of the measurements. In some cases the series 
seem to extend into the region of absorption and in such cases the absorp- 
tion bands that seem to form part of the series are also given. 

The data for series B, D, E and F, which are made up of the stronger 
bands and those of medium intensity, are undoubtedly the most reli- 
able. The values of the average interval between bands in these series 
are 86.0, 85.8, 85.9 and 86.1 respectively. In taking these averages the 
first band in the case of series D and E has been left out of consideration 
on account of its relative uncertainty. For the other series the interval, 
although less certain, has nearly the same value. It will be noticed 
that there is nothing to indicate any change in the interval as we pass 
from the longer to the shorter waves. 

In a spectrum consisting of so many bands the occasional repetition 
of any given interval between bands is to be expected, even if the bands 
are distributed at random. It is proper to inquire, therefore, whether 
this interval of about 86.0 really occurs more frequently than would be 
expected for a random distribution. Data bearing on this point are 
plotted in the upper curve of Fig. 2. In this curve horizontal distances 
indicate the lengths of different possible intervals between bands, while 
ordinates give the number of times each interval occurred. The range 
of possible error in the location of each band is arbitrarily assumed to 
be 2 units. Thus for a frequency interval 32 (abscissa) the ordinate 
is 10. This means that ten pairs of bands were found for which the 
interval lay between 31 and 33. 

It is evident from the chart that certain intervals occur with much 
greater frequency than would be expected if the bands were distributed 
at random, and this is most conspicuously true of the interval 86. It 
will be noted that the curve also shows lesser maxima for several other 
frequency intervals: e. g.,8,16,70,78and94. These intervals correspond 
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to the spacing of the bands in the successive groups which make up 
the spectrum. 

On account of the fact that large clear crystals could be obtained the 
hexahydrate offered an especially favorable case for the study of the 


| 


UO0{NO.), + 6H.0 











U0,{NO), + 38,0 





U0,(NO,), +2H,0 





+ UO/NO,),+ 6GHO 


se a 








Fig. 2. 


Showing the frequency of occurrence of different intervals between bands. Abscissas 
show the intervals (1 division = 10). Ordinates show the number of times the interval 
occurs (1 division = 10). 


absorption spectrum. Observations were made with a number of 
different crystals ranging in thickness from a few tenths of a millimeter 
to three or four mm. The averages given in Table II. are in many cases 
based upon fifteen or more independent measurements. In the case of 
the band at 2148.7, for example, 17 measurements of wave-length were 
made, of which three were discarded because of the unsatisfactory char- 
acter of the negatives. In the fourteen measurements used in forming 
the average the reciprocal wave-length ranged from 2147.8 to 2149.6, 
most of the values lying close to the average. In other cases the wave- 
length is much more uncertain. The extremely faint band at 2536.4, 
for example, was observed on only two negatives; while the dim broad 
band at 2720.3 was observed only once. The reliability of the recorded 
average has been estimated in each case and is indicated in the table. 
A study of the absorption spectrum shows that an interval of about 
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TABLE II. 
Series in the Absorption Spectrum of Uranyl Nitrate Hexahydrate [UV2(NOs3)2 + 6H20]. 





















































Serics.|'aye|maty.| ¢- | a2- [sertes|4aten-| Rete) os | gt. 
a d.| 2 | 2127.2 [ m. 5 2148.7 
c | str.| 4 | 22004 73.2 str. | 5 2219.2 | 70.5 
| d.| 5 | 2272.3 71.9 n4| str. | 4 2290.2 71.0 
| | | m. | 4 2359.4 69.2 
| | | [2053.4] m. | 4 2430.1 70.7 
fiv.d.| 4 | 2125.0 71.6 | da | 4 2500.0 69.9 
| d.| 2 | 2196.8 71.8 | | 
| d.| 4 |. 2268.3 71.5 { d.| 5 | 2164.0 
d’s| str.| 3 | 2340.4 72.1 “Uo od. | 4 | 22354 | 714 
m.| 3 | 2412.0 71.6 | | 
| ate | 3 | 2484.1 72.1 P { str. | 4 | 2321.0 | 
| str.] 3 | 2555.3 71.2 m. | 3 | 2390.0 69.0 
| } } 
[| str.| 5 | [2058.5] { str. | 2 | 2464.3 
| m.| 5 | 2058.6 YL str. | 4 | 2533.2 | 68.9 
e)| str.| 4 2131.2 72.6 | 
m.| 4 | 2203.8 72.6 str. | 4 | 2552.8 
} d.| 4 2277.8 74.0 | str. | 4 | 2623.3 70.5 
| | d. | 2 2695.0 | 71.7 
d.| 4 | (2061.9; | 
f m.| 4 | 2061.7 vf d. | 3 2559.5 
| str.| 5 | 21341 | 72.4 m. | 4 | 2630.5 71.0 
| m.| 4 | 22073 73.2 | 


71 between bands is of relatively frequent occurrence. (See the lower 
of curve Fig. 2.) In several instances definite series exist with this con- 
stant interval. The values of 1/\ for the bands forming these series are 
given in Table II. 

The two series e and f begin with reversible bands. Thus the first 
band of series e, at 1/A = 2058.6, cannot be distinguished in position 
from the last band, 1/A = 2058.5, of the fluorescence series E, while the 
first band 1/A = 2061.9, of series f is coincident with the band 2061.7 of 
fluorescence series F. There is some indication that several other ab- 
sorption series may be looked upon as associated with fluorescence series 
in the same way. Thus the series d’ may perhaps be associated with a 
very weak fluorescence series falling between D and E. Two bands of 
such a series were occasionally observed at 1968.0, and 2053.4 (interval 
85.4). The interval between the line at 2053.4 and the first line of 
series d’ is 70.6, which is almost exactly the average interval for the 
absorption series. Again in the case of series h we might expect an 
absorption band to fall at 2078.7, while series H might have a fluorescence 
band at nearly the same point, viz., 2079.3. Neither band was observed. 
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But it must be remembered that the detection of reversible bands is 
only possible when the conditions of excitation are suitable. Any trace 
of fluorescence tends to mask an absorption band, and vice versa. The 
scarcity of bands, either of fluorescence or absorption, in the ‘‘ reversal 
region’ lying between 2060 and 2120 is perhaps due to this cause. 
There are other cases which suggest the same relationship between 
fluorescence and absorption series, although less definitely. 

While there are thus strong reasons for believing that certain fluores- 
cence series are to be looked upon as associated, in the manner indicated 
above, with absorption series, yet there are several series in the fluores- 
cence spectrum for which no related absorption series have been observed ; 
and on the other hand there are several absorption series which do not 
appear to be related with the observed fluorescence. 

The observed intervals between bands are not so nearly constant in 
the case of the absorption series as in the fluorescence series. It seems 
to us probable that this is due to the greater uncertainty in the wave- 
length determinations; for on account of the lack of sharpness of the 
absorption bands and their greater width, as compared with the fluores- 
cence bands, the accuracy that is attainable in determining their loca- 
tion is considerably less than in the fluorescence spectrum. 

It will be noted also that the interval between bands is different for 
different series. For series e the average interval is 73.1; for series d’ it 
is 71.7; for series h, 70.3; while for the two pairs of lines in the ultra- 
violet, which have been designated as series 8 and y, the interval is in 
one case 69.0 and in the other 68.9. This change in interval as we pass 
from one series to another, which is too great to be accounted for by 
experimental errors, appears of especial significance when it is remem- 
bered that in the fluorescence spectrum the interval is the same for all 
the series. 

One of the most puzzling points brought out by the detailed study of 
the observed spectra is the fact that a considerable number of the ab- 
sorption bands are spaced with the interval corresponding to the fluores- 
cence series, and in some cases appear to form a continuation of these 
series. In such cases the reciprocal wave-lengths for these bands are 
included in Table I but are preceded by the letter A. Thus there are 
four absorption bands, in addition to the reversible band, which appa- 
rently belong to series F. If it is assumed that they do form a part of 
this series the average interval for the whole series comes out exactly 
the same as for the fluorescence bands alone. Series J appears to in- 
clude two absorption bands, and series B, E, and G each show one band. 
On the whole, however, we are inclined to look upon these cases as the 
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result of accidental coincidences and to believe that the fluorescence 
series do not extend into the absorption region beyond the reversible band. 

The interval of about 70, which appears to be characteristic of the 
absorption spectrum, is also found in the fluorescence spectrum. Thus 
the bands of series C are displaced from those of series E by intervals 
ranging from 69.0 to 70.2. A similar relation appears to exist between 
series J and series H, the average displacement being 70.1. Between 
series B and A the average shift is 70.6, between series F and H, 68.1, 
between series D and B, 69.1. With the exception of series I the series 
thus seem to be grouped in pairs, the interval between pairs being in 
the neighborhood of 70. It seems not unlikely that a companion series 
exists for I also, since faint bands were occasionally observed at 1826.0 
and 1911.7 (interval 85.7) which are displaced by the intervals 71.3 and 
71.4 from the corresponding bands of series I. 





THE TRIHYDRATE, UO2(NO3)2 + 3H20. 

The trihydrate crystallizes in the triclinic system with the axial 
ratios a:6:¢ = 1.2542 :1:0.70053.' The crystals were grown by 
evaporating the nitric acid solution in a desiccator over caustic potash 
and sulphuric acid or over calcium chloride. To obtain large crystal 
plates the bottom of a dish 6 cm. in diameter was covered with the 
solution to a depth of about 2 mm. and the solution was “ seeded ”’ 





6H0 

JAY BC DEF 
3H 

L ABC DE Hid KL 
2H0 


M ABCD E FG KA 
ANHYDROUS 
1850 1900 
Fig. 3. 


Showing one group of bands from the fluorescence spectrum of each of the salts studied. 
The spectrum of the hexahydrate contains seven such groups; that of the trihydrate, six; 
the dihydrate, five; and the anhydrous salt, three. 











near the center. A cover was then placed over the solution with a small 
opening at the center, so that evaporation took place directly over the 
crystal. The trihydrate was also obtained in the form of a fine powder 

1 Wyrouboff, Sur quelques composés de Il’uranium, Bull. Soc. Francaise Mineral, 32, 349- 
50, 1909. 




















a e WATER OF CRYSTALLIZATION. I21I 


by efflorescence of the hexahydrate crystals in dry air. Although most 
of the observations recorded below were made with single crystals, 
a few measurements were made, with concordant results, on the powder. 
In the fluorescence spectrum visual observations only were made. In the 
absorption spectrum the measurements were in most cases photographic. 

The fluorescence spectrum of the trihydrate was found to consist of 
63 bands, of which 55 fell into 12 constant interval series of from three 
to six bands each. The intervals for the different series ranged from 
86.5 to 87.5, the average being 86.8. The reciprocal wave-lengths are 
given in Table III. The numbers in brackets refer to absorption bands 
which seem to fall into the fluorescence series. The relative intensities 
of the bands are shown roughly in Fig. 3 where a typical group, 17. e., 
one band from each series,—has been plotted for each of the salts studied. 


TABLE III. 
Series in the Fluorescence Spectrum of Uranyl Nitrate Trihydrate, UO2(NOs3)2 + 3H20. 
we * 1677.0, 1765.0, 1851.5, 1938.8, 2025.0, (2112.7, 2200.2) 

B. 1686.1, 1772.0, 1858.7, 1945.7, 2033.2, (2120.7) 
. 1778.7, 1865.1, 1952.9, 2041.1, (2041.1) 
. 1699.8, 1785.9, 1873.0, 1959.1, 2046.8, (2134.0, 2220.6, 2307.9) 
1704.2, 1791.8, 1877.4, 1965.3, 2051.0 
. 1629.2, 1715.2, 1802.1, 1889.0, 1976.4, 20643.? 
. 1637.2, 1722.8, 1808.7, 1895.3, 1982.3, 2070.7 
1643.9, 1729.2, 1816.1, 1903.0, 1989.9, 2076.3, (2076.5, 2251.2) 
1821.3, 1908.9, 1995.9, (2083.8) 
1741.8, 1828.2, 1915.9, 2002.1, (2089.7) 
. 1748.6, 1835.3, 1923.3, 2009.8 
1667.2, 1755.0, 1842.4, 1930.1, 2017.4, (2103.5, 2189.2, 2277.9) 


PAS TORR OO 


The second curve of Fig. 2, which shows the frequency of occurrence 
of the different possible intervals between the bands of the fluorescence 
spectrum, indicates a remarkably regular grouping of the bands. Be- 
sides the principal interval 87.0 which is characteristic of the series in 
this spectrum, a number of other intervals are almost equally prominent, 
€. g., 7, 14, 30, 36, 43.5, 50, 80, 94. In the case of each of these 
intervals the frequency of occurrence is far above the average. These 
intervals, of course, correspond to the spacing of the bands in the groups. 
Thus the interval 43.5, which is just half the principal interval 87.0, 
occurs twice in each group, the bands of series K lying half way between 
the bands of series F and the bands of series L half way between those 
of series G. In each case the two series might be combined to form a 
single series with half the interval. Since, however, the bands of the 
combined series would be alternately strong and weak it does not appear 
that such a combination is justified. 
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In the absorption spectrum of the trihydrate 48 bands were observed, 
several of which, however, were so faint and indistinct as to make their 
existence doubtful. As in the case of the hexahydrate an interval 
between bands of a little more than 70 is of frequent occurrence, and 
37 of the bands (including all that are strong and well defined) can be 
arranged in 9 constant interval series. The interval does not appear 
to be the same for all of these series, however. In one case the interval 
is as high as 73.8, while in another case its value is 71.0. For most of 
the series the interval lies near 72.0. 

In many instances the absorption series start with reversed fluorescence 
bands. Reversals are especially sharp and definite in the case of the 
final bands of series C, G and H and L (1/A = 2041.1, 2070.7, 2076.3, 
2104.9). In other cases the absorption series begins at a point where a 
fluorescence band might be expected, but where none was actually 
observed. Thus we should expect the final bands of series I, J and K 
to lie at 2082.7, 2090.0 and 2096.6 respectively. These bands were not 
observed, probably because of the fact that the three series in question 
are made up of very faint lines. But the first bands of the absorption 
series i, j and k, fall at 2083.8, 2089.7 and 2095.6 and it would seem, 
therefore, that they might properly be looked upon as resulting from 
the reversal of the final bands of the corresponding fluorescence series, 
even though these bands escaped observation. 

The reciprocal wave-lengths for the principal absorption series are 
given below. Each series is lettered in such a way as to indicate the 


TABLE IV. 
Series in the Absorption Spectrum of Uranyl Nitrate Trihydrate, UO2(NO3) + 3H20. 
b B = 2033.2 b = (2033.2), 2107.0, 2180.8 
c C = 2041.1 c = 2041.1, 2112.7, 2186.7 
c’ C’ =? c’ = 2043.3, 2116.0, 2189.7, 2261.0 
f’ F’ = 2058.5 f’ = 2057.6, 2129.0, 2200.2, 2271.7 
g G = 2070.7 g = 2071.7, 2142.7, 2213.2, 2285.7, 2357.9 
h H = 2076.3 h = 2076.5, 2148.6, 2220.6, 2368.0 
i I = (2082.7) i = 2083.8, 2154.5 2226.9, 2297.8, 2368.0 
j J = (2090.0) j = 2089.7, 2162.0, 2235.4, 2307.9 
k K = (2096.6) = 2095.6, 2166.7 
Y Ll’ =? V’ = 2103.0, 2173.4, 2245.7, 2317.5 


fluorescence series with which it appears to be related: e. g., the first 
band of series c is the reversal of the last band of series C. In each 
case also the reciprocal wave-length is given for the last band of the 
fluorescence series. The numbers in brackets indicate bands that were 
not observed but would be expected to occur with the indicated value 
of 1/X. 
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It is to be observed that no absorption series were found which corre- 
sponded to the fluorescence series A, D, Eand L. On the other hand no 
fluorescence series were observed to correspond with the absorption 
series c’ and I’. 

THE DinyDRATE, UO2(NO3)2 + 2H20. 


Although the dihydrate has been made by several observers the 
crystalline form does not appear to have been studied. The crystals 
used in this investigation were in most cases made by heating a tube 
containing the crystallized trihydrate to a temperature somewhat above 
100° C. and passing through it a current of air which had been run 
through a mixture of sulphuric acid and nitric acid and over phosphorous 
pentoxide. The melted trihydrate slowly evaporated and recrystallized 
as dihydrate without losing nitric acid. The tube was then sealed up 
to prevent the entrance of moisture. The dihydrate was also prepared 
synthetically by treating dry H.UO, with the “monohydrate” nitric 
acid, the.two being sealed in a glass tube and allowed to react. The 
crystals obtained were in each case small so that the observations were 
made on a mass of crystals having no systematic arrangement of the axes. 

Seventy-four bands were observed in the fluorescence spectrum, sixty- 
one of which fell into twelve constant interval series of from four to six 
bands each. The interval ranged from 87.6 in series F to 88.3 in series A, 
but in most cases lay near the average of all, viz., 88.1.1 The values of 
1/X are given in Table V., and a typical group, consisting of one band 
from each series, is shown in Fig. 3. Many of the bands that do not fall 
into these twelve series nevertheless seem to belong to similar series of 
which only two or three bands could be detected. Two of these suspected 
series have been included in Fig. 3 where they are indicated by dotted 


lines. 
TABLE V. 


Series in the Fluorescence Spectrum of Uranyl Nitrate Dihydrate, UO2(NO3)2 + 2H20. 


. 1676.7, 1765.9, 1853.0, 1942.7, 2030.7 

. 1684.9, 1773.7, 1861.6, 1951.0, 2037.9 

1780.6, 1867.8 

1609.0, 1695.5, 1783.5, 1871.8, 1959.7, 2047.4 

1618.9, 1705.9, 1794.4, 1880.3, 1967.5 

1625.3, 1714.3, 1801.5, 1889.5, 1977.1, 2063.1 

1632.7, 1721.2, 1808.5, 1896.8, 1985.2, 2072.5, (2072.7) 
1637.7, 1725.3, 1814.6, 1900.8, 1989.7, 2077.3, (2078.2) 
1641.5, 1729.8, 1905.1, 1993.8 

. 1645.3, 1734.6, 1821.2, 1909.0, 1998.4 

- 1830.5, 1918.3 

1658.4, 1745.5, 1834.9, 1923.8, 2009.3, (2095.9) 
1751.0, 1838.2, 1926.8, 2015.5, (2102.7, 2191.3, 2278.0) 


1 For series C, which contained two bands only, the interval was 87.2. 


Sr Aan TOs oOep 
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The absorption bands were located by observing the spectrum of light 
from a continuous source after diffuse reflection from a mass of small 
crystals. Although the bands observed in this way are surprisingly 
sharp the method is not so satisfactory as that in which the light is 
analyzed after direct transmission through a single crystal. It is doubt- 
ful whether the reflection method gives as great accuracy in the location 
of the bands, and many of the weaker bands, which would have been 
easily detected if large crystals had been available, were probably not 
observed at all. For this reason, perhaps, the absorption spectrum of 
the dihydrate shows only four well defined series. The reciprocal wave- 
lengths for these series are given in Table IV. The interval between 
bands is 70.0 for series m, 70.4 for series j, and 71.3 for series g and h. 
In each case the first band in the absorption series occupies nearly the 
same position as the last band in one of the fluorescence series. 


TABLE VI. 
Series in the Absorption Spectrum of Uranyl Nitrate Dihydrate, UO2(NO3)2 + 2H20. 
G = 2072.4 g = 2072.7, 2144.7, 2215.3 
H = 2077.3 h = 2078.2, 2149.4, 2218.9, 2290.4, 2362.9 


J = (2085.7) j = (2086.1), 2156.6, 2227.2, 2297.3 
M = (2103.6) m = 2102.7, 2172.7, 2242.7 


THE ANHYDROUS NITRATE. 


Specimens of uranyl nitrate that were in all likelihood anhydrous, 
and which certainly contained less water than the dihydrate, were pre- 
pared by allowing nitric anhydride, N2O;, to react with uranic oxide. 
The nitric anhydride was distilled from a mixture of nitric acid and 
phosphorous pentoxide, while the uranic oxide was prepared by heating 
uranic acid, H,2UO,. In preparing the oxide the heating was not con- 
tinued so long as to completely drive off the water from the uranic acid, 
since when this was done no reaction occurred between the oxide and the 
nitric anhydride. 

At temperatures above 30° C. the N2O; reacts with the mixture of 
UO; and HUQ, to form uranyl nitrate, presumably anhydrous, and a 
considerable amount of HNO;. To free the specimen from acid the tube 
containing it was placed in a freezing mixture until the N2O; was frozen, 
when the HNOs, which still remained a liquid, was poured off. This 
process was repeated several times. While the amount of water re- 
maining after this treatment must have been extremely small, we cannot 
feel certain that all traces were removed, and it is possible therefore that 
the nitrate formed may have consisted in part of the monohydrate. No 
fluorescence bands belonging to the other hydrates could be observed. 
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The method of preparation was varied by changing the temperature at 
which the reaction was allowed to occur, and by heating the salt, after 
it had been formed, to different temperatures and for different periods. 

The fluorescence spectra of the different preparations differed widely. 
In one case, the spectrum was found to consist of three narrow bands 
only. But in all other cases bands were observed which remained broad 
(about 100 A.U.) even at the temperature of liquid air. These bands 
were spaced with a constant frequency interval of approximately 88- 
89. It seems probable that these broad bands were due to the solution 
of the anhydrous salt in nitric acid. To test this point a specimen was 
prepared under conditions which made certain the presence of a con- 
siderable excess of nitric acid. The fluorescence spectrum contained two 
series of broad bands, the central band of the stronger series lying at 
1/A = 1939.0 and that of a weaker series at 1/A = 1920.0. The speci- 
men was then gently heated and the nitric acid driven off was condensed 
in a connecting tube. After this process had continued for a short time, 
several series of narrow bands or lines appeared in the fluorescence 
spectrum (at — 186° C.). As this procedure was repeated the line 
spectrum became more prominent and the broad bands fainter. In one 
instance the specimen was heated nearly to decomposition—in fact part 
of the salt was undoubtedly decomposed—and in this case the very faint 
fluorescence spectrum consisted of three narrow bands only. The same 
three bands were observed in the case of most of the specimens that 
were prepared in the attempt to remove the water of crystallization, 
although in other cases they were accompanied by other lines or broad 
bands. It seems probable that these three bands constitute the brightest 
part of the fluorescence spectrum of the anhydrous salt, and that the 
additional lines and bands that were observed in some specimens are 
due to traces of the monohydrate or to a solution of the nitrate in HNQOs3. 
The three bands formed a series with the interval 88.5, the central band 
lying at 1/A = 1902.0. 


SUMMARY AND CONCLUSIONS. 


1. In the case of each of the nitrates the fluorescence spectrum is madé 
up of series in which the intervals between bands are constant and the 
same for all of the series. The interval increases slightly, but un- 
mistakably, as the amount of water of crystallization decreases. For 
the hexahydrate the interval is 86.0; for the trihydrate 86.8; for the di- 
hydrate 88.1; and for the anhydrous salt 88.5. 

2. Numerous constant interval series occur in the absorption spectrum, 
the interval being approximately 71. But the interval does not appear 











126 EDWARD L. NICHOLS AND ERNEST MERRITT. ——_ 


to be the same for different series even when these occur in the spectrum 
of the same salt. No systematic variation with the amount of water 
of crystallization could be detected. 

3. Nearly all of the series in the absorption spectrum have their origin 
in the “reversing region,” the first member of the absorption series 
being in coincidence with the last member of a fluorescence series and 
constituting a ‘‘ reversible ’’ band. 

4. There is some slight resemblance between the different hydrates 
as regards the grouping of the bands (see Fig. 2). In each case, for 
example, a certain short interval appears with a frequency considerably 
above the average. In the case of the hexahydrate and the dihydrate 
this interval is about 8; in the case of the trihydrate is almost exactly 
7. The interval 14, in the case of the trihydrate, and 16, in the case 
of the other two salts, is also of unusually frequent occurrence. It will 
be interesting to determine whether this peculiarity in the distribution 
of intervals is characteristic of all uranyl salts. 

5. It is clear from inspection of Fig. 3, in which a characteristic group 
of bands is shown for each of the hydrates studied, that the different 
spectra are not in the least similar in their general appearance. It 
might at first appear that the three hydrates have one series in common, 
viz., that designated as series F. But while the central band of this 
series does occupy practically the same position in each of the three 
spectra, the fact that the interval between bands is different for the 
different salts causes the bands to fall more and more out of step as we 
proceed in either direction from the center of the spectrum. 

On the whole the spectra of the different hydrates differ from one 
another fully as much as do the spectra of two different uranyl salts. 
This result is surprising, since it is customary to think of water of crystal- 
lization as rather loosely attached and therefore incapable of exerting a 
great influence upon properties which depend upon the internal structure 
of the molecule. In the uranyl] salts it appears that we must look upon 
the connection as more intimate than has generally been supposed. The 
results also tend to confirm the view that fluorescence spectra are due to 
vibrations which occur in the outer parts of the molecule and which are 
therefore readily modified by outside sources of disturbance. 


PHYSICAL LABORATORY OF CORNELL UNIVERSITY, 
January, 1917. 
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THE MICA X-RAY SPECTROMETER. 
A REPLY TO MR. SIEGBAHN. 


By W. S. GorTON. 


N the September number of the PHysicAL REviEw Mr. Manne Sieg. 

bahn criticised a paper of the author’s which had appeared some 

months previously. The present article points out some errors made 
by Mr. Siegbahn in interpreting the author’s results. 

Mr. Siegbahn, in arriving at his conclusions, evidently made two 
assumptions, neither of which is in accord with the writer’s results. 
He assumed that all the lines found were alike in appearance, that is, 
that there was no ocular evidence that some of the lines were due to 
different constituents in the mica; and, further, that for a certain set 
of lines the measurements of sin 6 were consistently in error by about 
10 per cent. The accuracy obtained was precisely that stated in my 
paper, namely, 0.5 per cent. for values of sin 6 in the neighborhood of 
0.350, the accuracy being inversely proportional to sin 6. Mr. Siegbahn 
considered that the lines, which the author ascribed to four distinct 
constituents in the mica, were the second, third, fourth and fifth orders 
due to one single constituent. He assigned the same wave lengths to 
all of the stronger lines in his second, third, and fifth orders as the author 
did to those in his fourth, second and first series respectively. To assign 
wave-lengths to the lines of these series is easy, as the intensity of the 
lines is comparatively large and the stronger lines can be identified at a 
glance. In order to bring the lines in his second order into the general 
scheme Mr. Siegbahn had to assume that the measurements of sin 6 for 
these lines were consistently in error, as compared with the other measure- 
ments, by 10 per cent. This assumption is entirely inadmissible. The 
accuracy of the measurements in this region was 1.5 per cent.; and it 
will be noticed that in Siegbahn’s Table I. the values of 2d X 10° for the 
lines of his second order do not differ from their mean value by more than 
1.25 per cent. This fact alone should dispose of the idea that these 
particular values are consistently in error by 10 percent. It is impossible, 
then, that the lines of this fourth series can be the second order lines due 
to a structure which might possibly have a third and fifth order in the 
lines of series 2 and 1 respectively. The lines of series 4, moreover, 


1 PHYSICAL REVIEW, March, 1916. 
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extend only part of the way across the plate and have a rather sharply 
defined terminus. This certainly shows that they cannot be due to the 
structures responsible for the lines of series 2 and 1 as the lines of these 
series extend entirely across the plate. 

The above considerations leave the lines of series 3 still to be discussed. 
In this series the values of the wave-length assigned to the various lines 
by Siegbahn and the author are entirely different. If it were only a 
question of assigning such values of the wave-length to the lines of this 
series as to establish a reasonably good proportionality between the 
wave-length and sin 6, there would be little choice between the two 
methods, but such is not the case. The lines of series 3 extend only 
part of the way across the plate, showing that they are due to a structure 
closely connected with that to which the lines of series 4 are due. Of the 
lines assigned by Siegbahn to the fourth order, some extend entirely 
across the plate and some extend only part of the way. Moreover, the 
author’s choice of wave-lengths enables more lines to be accounted for 
than does Siegbahn’s choice. 

The above considerations show that the lines of series 3 and 4 are due 
to structures other than those giving rise to series 1 and 2. No simple 
relation exists between the interplanar distances calculated for series 
3 and 4; consequently two separate and distinct structures must be 
considered to exist in order to account for these two series. When the 
interplanar distances for series 1 and 2 are calculated, it is found that 
they are very nearly in the ratio 3:5. This raises the question whether 
these two series are not, as Siegbahn asserts, the third and fifth order 
spectra due to one structure. In order for this to be so, the structure 
would have to be such as to suppress all orders of spectra except the third 
and fifth. Such a structure would almost certainly be a very compli- 
cated one and the writer considered it more probable, in view of the 
known complex nature of mica, that there were two structures responsible 
for series I and 2. On this view it is easy to understand why only a 
few faint lines appear beyond sin @ = 0.377, the limit of the first order 
lines. If strong fifth order lines are present one would expect that num- 
erous lines of the sixth, seventh, and higher orders would be visible. 

Siegbahn refers to a paper by de Broglie in which a plate shows plainly 
six orders of spectra due to a mica analyzer. In this connection it 
should be remembered that mica is a substance of variable composition, 
and it should cause no surprise if different specimens show differences in 
composition and structure. 


JAMES BUCHANAN BRADY UROLOGICAL INSTITUTE, 
JOHNS HOPKINS HOSPITAL, 
BALTIMORE. 








a THE TUNGSTEN ARC UNDER PRESSURE, 129 


THE TUNGSTEN ARC UNDER PRESSURE. 
By GEorGE P. LUCKEY. 


INTRODUCTION. 


HE present investigation was undertaken to determine, if possible, 
whether a change in the melting point of tungsten due to a change 
in pressure could be noted in the case of the tungsten arc. From previous 
work done on the effect of pressure on the melting point of metals having 
low melting points! it seemed doubtful if any changes could be noticed 
with the low pressures at which the tungsten arc could be burned in the 
apparatus at hand, pressures up to 35 atmospheres. On the other hand, 
work done by Lummer? seemed to indicate that in carbon, at least, there 
was a large pressure effect, even though it could not be attributed directly 
to a change in the melting point. Due to a lack of data on the latent 
heat of fusion, and the volume change on melting, the temperature 
change in the melting point of tungsten could not be calculated. 


APPARATUS. 


The arc was burned in a specially constructed brass tank, designed to 
hold pressures up to forty atmospheres. A cross-section of the tank is 
shown in Fig. 1. The central portion is a flanged tube three inches in 
diameter and four inches long. Brass plates were fastened onto each 
end by means of twelve bolts which passed from one end of the tank 
to the other. Lead washers were placed between the end plates and 
the central portion of the tank to secure air tight joints. Three openings 
were made in the tank, one in an end plate into which a plate glass win- 
dow w for observing the arc was fitted, and two in the central portion. 
One of these was used in evacuating and filling the tank, and through 
the other an insulated wire was led in. The outside of the tank was 
wrapped with a coil of copper tubing, through which a stream of water 
was passed, and which served as a very effective cooling device. 

A small holder that could readily be removed from the tank was 
constructed for holding the electrodes. The electrodes were held in 

1 Johnston and Adams, Am. Jour. of Sci., Vol. 31, p. 501, 1911; Tammann, Zs. Anorg. 
Chem., Vol. xi, p. 54, 1904; Bridgman, Proc. Am. Ac. of Arts and Sci., 47, pp. 347, 391, 415, 


IQII. 
2 Lummer, Verfliissigung der Kohle and Herstellung der Sonnentemperatur. 
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the center of the tank and the arc was burned in an axis parallel to the 
walls of the tube. The positive electrode, and the one or which the 
temperature measurements were made, was fastened to the center of 
the frame, and was insulated from it by several layers of mica. This 
electrode was connected to the leading-in wire, and the remainder of 





























Fig. 1. 


Diagram of pressure tank and electrode holder. 


Pressure Tank.—W, window; O, gas inlet; J, insulated leading-in wire, held between two 
layers of fiber, f1 and f2 with a soft rubber plug r, in the center. 

Arc Holder.—E, E, Tungsten electrodes; h, movable electrode holder; H, stationary 
electrode holder, insulated trom frame by layers of mica; B, soft iron bar, the rotation of 
which turns nut, , on the end of the movable electrode holder, h, through gears, gi and ge, 
and causes electrode holder, h, to move in or out; M, magnet used to rotate soft iron bar. 


the circuit was made through the tank and the frame of the holder. The 
negative electrode was fastened to one end of a shaft which could be 
moved back and forth. On the other end was a nut which engaged a 
thread on the shaft. As the nut was turned the shaft was drawn in or 
thrust outwards. The nut was geared to an iron bar fitted centrally to 
the back of the electrode holder. The iron bar could be rotated by a 
magnet outside of the end plate of the tank. Thus by rotating the mag- 
net the two electrodes could be brought together, and on reversing the 
direction of rotation they could be moved apart. 

When measuring the temperatures of the tungsten the negative elec- 
trode was set slightly out of the center of the tank, so that an unob- 
structed view of the whole positive electrode could be obtained through 
the window, and so that there were no disturbing reflections of the image 
of the negative electrode from the smooth mirror-like surface of the 
electrode under observation. 

The arc was burned in nitrogen, which was obtained from a tank 
under a pressure of 1,800 pounds per square inch. The gas had been 
freed from all impurities, with the exception of water vapor, before it 
was pumped into the tank. In order to remove the water vapor, before 
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filling the small tank in which the arc was burned, the gas was passed 
through a steel tube, one end of which was filled with soda lime, and the 
other with phosphorous pentoxide. The pressures in the small tank 
were measured by a twelve-inch Ashcroft test gauge graduated to read 
from 0-500 pounds per square inch. 


METHOD OF DETERMINING TEMPERATURE. 


The temperatures were measured by means of a Holborn-Kurlbaum 
optical pyrometer of the type in general use in this laboratory.! 

The pyrometer lamp was calibrated by the use of a tungsten lamp 
which had been standardized with a black body at the melting point of 
palladium, taken as 1822° K. The effective wave-lengths of the red 
glass screen (Jena Rotfilter No. F-4512) between different temperatures 
were obtained from data calculated by Hyde, Cady and Forsythe.’ 
The data for the absorption coefficient of tungsten at the melting point 
was extrapolated from readings made by Worthing* at temperatures up 
to 3200°‘K. Below this point the absorption coefficient of tungsten is 
practically a linear function of the temperature. It was assumed that 
this function continued up to, and through the melting point without 
suffering any abrupt changes. The assumption that the absorption as 
a function of the temperature suffers no abrupt changes between the 
solid and the liquid states of tungsten seemed justified from the fact 
that in looking at the surface of the melting tungsten there is no sharp 
defining line between the solid and the liquid (in case the solid tungsten 
has a smooth surface) which there would be if the absorption suffered 
an abrupt change. This result is at variance with the observation of 
Langmuir‘ (who states) that in the arc the solid tungsten always appeared 
brighter than the molten tungsten in contact with it. This latter effect 
was at times noticed in the present experiments in case the solid surface 
of the tungsten was not smooth, but apparently this was due to the 
diffuse reflection of the light from the negative electrode. 

The value of the absorption as determined from the data of Worthing 
in the above manner and as used, was 0.393 for \ = 0.6614. This value 
is much lower than that used by Langmuir,’ 0.425 at \ = 0.667u. It 
might be stated in this connection that the method used by Langmuir 
in determining the emissivity of molten tungsten appears open to doubt, 
as in the present series of experiments it was at no time possible to 

1 Worthing and Forsythe, Puys. REv., Vol. IV., p. 163, 1914. 

2 Hyde, Cady and Forsythe, Astrophys. Jour., Vol. XLII., p. 294, 1915. 

3 Worthing, Jour. Frank. Inst., Vol. 181, p. 417, 1916. 


4Langmuir, Puys. REv., Vol. 6, p. 138, 1915. 
5 Loc. cil. 
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obtain a pool of melted tungsten in which the temperature throughout 
was that of the melting point. The temperatures obtained varied from 
that of melting tungsten at the edges of the pool to a temperature three 
or four hundred degrees higher near the center. The only time when it 
was possible to obtain nearly uniform temperatures throughout the 
visible surface of the molten tungsten was at low pressures when the 
whole end of the electrode was melted, and the temperatures found 
under these circumstances were several hundred degrees higher than the 
melting point. 


THE MELTING POINT OF TUNGSTEN UNDER PRESSURE. 


A series of readings of the melting point of tungsten were taken under 
various pressures from one to thirty atmospheres. Electrodes 0.1 cm. 
in diameter were used, the length of arc varied from 0.1 too0.2 cm. The 
results of these determinations are given in Table I. The value found 
at atmospheric pressure agrees closely with that found by Worthing! 
in the tungsten arc, 3630° K., while it is about eighty degrees higher 
than the average value of the melting point as determined by Langmuir, 
3540° K. The discrepancy between the values determined by Langmuir 


TABLE I. 
Apparent Melting Point of Tungsten under Pressure. 














Pressure. Red Black Body | 
: : — Temperature. | True Temperature. 
Atmospheres. Kilo/Cm?. eta 
1 1.03 3138° K. 3623° K. 
4 4.13 3129° K. 3611° K. 
8 8.26 3116° K. 3594° K. 
11 | 11.36 | 3113° K. | 3590° K. 
14 | 14.46 | 3107° K. 3582° K. 
18 18.6 3099° K. 3572° K. 
21 21.7 | 3092° K. 3562° K. 
28 28.9 3093° K. | 3564° K. 


and those determined in the present investigation is due to the different 
value of the emissivity of tungsten taken in the two cases. The values 
of the red black body temperatures obtained in all cases give good agree- 
ment. The value as determined by Langmuir for \ = 0.6674 was 
3124° K., by Worthing for \ = .666yu, 3140° K., while that determined 
in the present investigation was 3138° K. for \ = 0.661.” 


1 Loc. cit. 
2 Various other determinations of the melting point of tungsten are well summarized by 


Pirani and Meyer (Berichte d. Deut. Phys. Gesel., 14, p. 426, 1912) who compare the values 
found by other observers with those they obtained. In addition to these might be mentioned 
the determinations made by Forsythe (Astrophys. Jour., Vol. 34, p. 353, 1911). All of these 
values are lower than those obtained here. 
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The usual appearance of the positive electrode during temperature 
measurements may be described as follows. There is a bright spot in 
the center where the main arc discharge falls, around this is a pool of 
melted tungsten, which in turn is surrounded by solid tungsten. If the 
tungsten on the end of the electrode is melted and allowed to cool slowly 
by gradually decreasing the current through the arc the surface remains 
smooth after the tungsten has become solid, if, however, the tungsten is 
cooled very rapidly by suddenly decreasing the current the surface is 
roughened. This roughened condition of the solid surface was of great 
advantage in determining the boundaries of the pool of melted tungsten. 
By increasing the current the melted pool of tungsten is made larger, 
and the pyrometer lamp filament may be matched with the tungsten 
in the moment at which it changes from the solid to the liquid state. 
Or the current may be left constant, and it may be assumed that the 
temperature of the tungsten at the boundary line between the solid and 
the melted portions has a value very near to that of the melting point. 
Readings made by these two different methods gave the same values 
or the melting point. It is necessary that the regions of solid and 
melted tungsten should be sharply differentiated in order to get accurate 
results. The roughness of the solid portion and the mirror-like surface 
of the melted tungsten gave a very sharp differentiation at low pressures. 
Above twelve atmospheres, however, the refraction of the light by the 
heated gas near the electrodes created such disturbances in the image 
that the position of this dividing line could not be determined with any 
great accuracy, so that a rather large uncertainty is introduced into the 
measurements. 

Assuming no change in the emissive power of tungsten with pressure 
the melting point of tungsten as found apparently decreases slightly 
as the pressure increases. The change observed, however, is large in 
comparison with the changes found by previous experimenters (Joc. cit.) 
in the case of metals having a low melting point, on the other hand it 
is very small in comparison with the changes found by Lummer in carbon, 
and has the opposite sign. It is also open to doubt whether the ob- 
served change is due to an actual change in the melting point, or whether 
the apparent diminution in brightness might not be due to a layer of 
cooler tungsten vapor above the electrode, the absorption of which 
would increase as the density of the vapor was increased at higher 
pressures. Unfortunately the apparatus used would not allow this 
point to be investigated further, but the order of such an effect might 
well be the same as that observed. 











134 GEORGE P. LUCKEY. = 


THE HIGHEST ATTAINABLE TEMPERATURES. 


As has been previously noted, that part of the electrode on which the 
main arc discharge falls is much more brilliant than the surrounding 
melted tungsten. A series of readings were made on the red black 
body temperature of this portion of the arc, and temperatures were 
found which varied largely with the pressure, the current through the 
arc, and the area over which the discharge took place. The highest 
attainable red black body temperatures found at each pressure are given 
in Table II. Owing to the melting of the whole tungsten electrodes 
by the high currents that were necessary to obtain these temperatures 
only a few readings were possible at each pressure. If it be assumed 
that the absorption coefficient, as determined by Worthing, maintains 
the same relationship with respect to the temperature up to the temper- 
atures here obtained, then the true temperature of the tungsten would 
be given by the values in the last column of Table ITI. 


TABLE II. 
Highest Attainable Temperatures. 


Red Black Body | 











——— an Tempesmere, | Sqneteed ptonep- | Computed Troe 
Atmospheres. Kilo/Cm.?2 A= 6601p. a : 

1 1.03 3559° K, 0.374 | 4235° K. 

8 8.3 3794° K. 0.363 | 4602°K. 

15 | 15.5 3907° K. 0.358 | 4782°K. 

22 22.8 3082°K. | 0.354 | 4912°K, 

29 | 30 4022° K. 0.352 4978° K. 

33 34.1 4086° K. | 0.349 5084° K. 


There is a question as to what this temperature represents. It is 
doubtful whether it can be assumed to be the boiling point of tungsten, 
as at a given pressure the temperature varies with the current strength 
through the arc. It is more probable that it represents some temper- 
ature lying between the melting and the boiling points. The observed 
increase in the temperature with the pressure is possibly due to either 
an increase in the boiling point of tungsten, or to an increased density 
of the arc discharge, which would tend to concentrate the heating effect, 
or to both of the above causes. For a given current as the pressure was 
increased the arc discharge became more concentrated, till at high 
pressures the whole discharge fell upon a very small portion of the 
electrode surface. 

ELECTRICAL CHARACTERISTICS. 

In connection with the temperature determinations of the tungsten 
arc, measurements were also made of the electrical characteristics in 
nitrogen under pressures from one to thirty-three atmospheres. 
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Rapid fluctuations of the current and especially of the voltage, made 
it necessary to use an instrument with which both readings could be 
taken simultaneously. For this purpose a Siemens and Halske Oscillo- 
graph was used, and exposures of about two minutes were made, during 
which time the current was varied throughout the range of possible 
currents. The variation, however, was made slowly enough to enable 
the arc to reach stable conditions after each change. 

Direct currents of from one to ten amperes, with an outside potential 
on the circuit of 225 volts were used. The length of arc was varied 
from 0.06 to 0.24 cm. At the highest pressure the longest arc that 
could be maintained stably with the voltage used was about 0.06 cm. 
With the exception of the characteristics taken at atmospheric pressure, 
electrodes having a diameter of 0.14 cm., and about I cm. long were 
used. At atmospheric pressure the positive electrode melted down when 
currents larger than three amperes were sent through the arc. In order 
that characteristics for larger current values could be obtained a positive 
electrode of 0.38 cm. diameter and a negative electrode 0.14 cm. in 
diameter were used. This change in the size of the positive electrode 
apparently made no change in the form of the characteristic. 





Fig. 2. 


The characteristics of the arc are shown in Fig. 2. Owing to the 
large fluctuations of the voltage and current averages were made of 
several determinations, which are plotted above. The characteristics 
of the arcs of the same length tend to have higher values of voltage 
throughout the whole range of current as the pressure increases. This 
effect of pressure is similar to that noticed in arcs burned under pressures 
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lower than atmospheric, an effect especially predominate in the mercury 
vapor arc, and to that found by Duncan, Rowland and Todd! in the 
carbon arc burned at pressures up to ten atmospheres. 

It will be noticed also that at high pressures the characteristics, instead 
of falling continuously, as is the case in the usual metal arc, have a 
tendency to rise. That is, as the current increases the voltage does 
not drop continuously, but after a certain current has been reached 
tends to rise if the current through the arc is made larger. A rising 
characteristic similar to this was noted by C. D. Child? in the case of 
the flaming carbon arc. He attributed this increase in voltage with 
larger currents to a tendency of the arc to flare out to one side. This 
would have the same effect as increasing the length of the arc. The 
rising characteristic found in the tungsten arc is probably partly the 
result of this same effect. The convection currents in the gas tending 
to blow the arc out of its normal path would become more marked as 
the pressure was increased, thus causing a higher potential drop across 
the arc for greater pressures, other conditions being the same. The 
effect of these convection currents in the gas at high pressures was 
seen in the fact that when all the external resistance was removed from 
the arc circuit, the current through the arc would not rise indefinitely; 
instead, after the current had reached a value of ten or twelve amperes, 
the arc would flare up and go out. The effect of the increase in the 
pressure in the tank due to the heating of the gas by the larger currents 
would have a similar effect on the characteristics. However, as this 
change in pressure was never very large, the increase in voltage from this 
cause would not wholly account for the large change observed. 


SUMMARY. 


Measurements were made of the temperature of the melting point 
of tungsten in the electric arc under pressures from one to thirty atmos- 
pheres. The melting point found at one atmosphere was 3623° K., 
and the apparent melting point decreased to 3564° K. when the pressure 
was raised to twenty-eight atmospheres. It is doubtful whether this 
decrease is due to a change in the melting point or merely to an increased 
absorption of the vapor surrounding the arc. 

The highest temperatures attainable in the arc were measured, and a 
large increase in this temperature as the pressures increased was noted. 
At atmospheric pressure a probable temperature of 4235° K. was found, 
while at thirty-three atmospheres the highest temperature in the arc 


1 Duncan, Rowland and Todd, Electrot. Z. S., 14, 603, 1893. 
2C. D. Child, Electric Arcs, p. 60, D. Van Nostrand Co., N. Y. 















































nel THE TUNGSTEN ARC UNDER PRESSURE. 137 


was increased to 5084° K. It is probable that these temperatures repre- 
sent a value somewhere between the melting and the boiling points of 
tungsten in each case. 

The electrical characteristics of the tungsten arc were investigated. 
The drop in potential across the arc, other conditions being the same, 
was found to increase with the pressure. At high pressures the voltage 
dropped as the current increased until values of current of about five 
amperes were reached, after which the voltage rose with increasing 
current. This latter effect might be ascribed to the tendency of the arc 
to flare out to one side with larger currents, as well as to the increase of 
pressure in the tank caused by the heating of the gas. 

In conclusion I should like to take this opportunity to express my 
appreciation to the director and the members of the staff of the Nela 
Research Laboratory for the suggestion of this problem and for their 
valuable assistance. 


NELA RESEARCH LABORATORY, 
NaTIONAL Lamp Works OF GENERAL ELECTRIC COMPANY, 
NELA PARK, CLEVELAND, OHIO, 
August 24, 1916. 
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| NOTE ON THE ELASTIC CONSTANTS OF ANTIMONY AND 
| TELLURIUM WIRES. 


By P. W. BRIDGMAN. 


N the course of an investigation on the effect of pressure on the elec- 
trical resistance of a large number of metals, I have had occasion to 
prepare wires of antimony and tellurium. The preparation of these 
metals in the form of wire appears to be somewhat of a novelty; I have 
not found any previous mention of it. Once the metals are obtained in 
the form of wire they may be utilized in the measurement of other 
physical properties besides electrical resistance. In particular, the 
elastic constants of neither of these metals seem ever to have been 
measured, and since measurements of this kind are particularly easy, I 
was unwilling to let the opportunity go, even though there is no especial 
connection with the original purpose for which the metals were pre- 
pared. The data given in this paper make no pretense to great accuracy, 
but are intended to give merely the approximate magnitude of the 
constants; in fact, for a reason that will appear, probably a serious 
attempt for much greater accuracy would be fruitless. 

The wires were prepared by extrusion in a hydraulic press through a 
steel die. It is necessary to warm the metals considerably, and even 
then it is possible to obtain results with antimony only by a trick of 
manipulation. If the pressure is run up slowly until the pressure of 
extrusion is reached, the antimony is forced through the die in the form 
of wire, but continually breaks up (probably because of the release of 
internal strains) into very small pieces. The die used in this work had 
a diameter of 0.013 inch; with this it was difficult to get by this pro- 
cedure pieces longer than one sixteenth of an inch. If the pressure is 
raised slowly above the minimum pressure of extrusion, the rapidity of 
outflow increases, but the spontaneous breakage becomes worse. By 
working excessively slowly at the minimum pressure of extrusion, I have 
been able to get a few pieces several inches long and 0.013 inch in 
diameter. But if the pressure is rapidly raised high enough above the 
minimum, a point is suddenly reached at which the antimony is expelled 
with explosive velocity in long coherent pieces of apparently limitless 
length. These may be caught and preserved in a vessel filled with water. 
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This point of explosive expulsion is doubtless the melting point of anti- 
mony under a non-hydrostatic pressure. The melting point is always 
depressed by this sort of a stress,! and the amount of depression is pro- 
portional to the square of the stress. The antimony so obtained is 
excessively brittle and must be handled with extreme care. 

Tellurium wire is not so difficult to prepare, and I obtained a number 
of pieces one foot long by slow extrusion at the lowest pressure. There 
is every reason to think that rapid extrusion at the depressed melting 
point would be successful here also, but the design of the apparatus 
was not such as to allow this, since under the higher pressures tellurium 
comes out in curved pieces, whereas antimony comes out nearly straight. 
Tellurium made into wire in this way is, like antimony, very brittle. 

No attempt was made to measure the temperature of extrusion. For 
antimony it was high enough for the temper color of the steel cylinder 
to reach a green. The pressure necessary was 10,000 kg./cm?. or over. 
The tellurium was not heated so hot, to only about 330°, and the ex- 
trusion pressure was about 4,000 kg. As the cylinder cools during 
extrusion, a critical temperature is sharply reached below which a 
pressure of over 15,000 kg. is not sufficient. Of course, in either Gase, 
the extrusion pressure is lower the higher the temperature. 

The antimony was from Eimer and Amend, and showed by analysis 
traces of As and Fe, other foreign metals none, and Sb 99.45 per cent. 
The tellurium I owe to the kindness of Professor G. W. Pierce, who has 
been using it for thermo-couples. He obtained it from Mr. Samuel 
Wien, of New York City, by whom it had been especially refined, but 
no analysis was available. 

Two different sorts of test were made, bending and twisting. The 
first gives Young’s modulus and the second the modulus of rigidity; 
these two constants completely determine the elastic behavior, provided 
the metal acts like an isotropic body. 

The bending tests were made by fixing the wire with deKhotinski 
cement into the chuck of the milling attachment of a jeweler’s lathe, 
loading the end with a rider of known weight, and observing the deflection 
of the free end with a cathetometer. By rotating the chuck, the bending 
in different orientations may be obtained, thus eliminating the effect of 
inequalities of cross section. Three readings were made at each setting; 
settings were at angular intervals of 45°. The length of the wires was 
from 7.5 to 9.0 cm., the load was 0.014 gm., and the deflection varied 
from 0.3 to 0.7 mm. Two different specimens of antimony were meas- 
ured, agreeing within 2 per cent. Young’s modulus was calculated from 

1P. W. Bridgman, Puys. REv., 7, 215-223, 1916. 
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these measurements by the formula of elasticity E = WF/37~ where 
W is the load in dynes, / the length, J the moment of inertia of the cross 
section about a horizontal diameter of the section, and £ is the deflection 
of the free end under the weight. 

The rigidity was measured by attaching coaxially to the wire with 
cement a glass fiber, twisting wire and glass together, and observing 
simultaneously the amount of twist of glass and wire. Then by using 
the glass fiber separately as a torsion pendulum with a suspended disc, 
the moment of the force for a given amount of twist of the glass was 
found, and so the twisting force on the wire. It was not feasible to use 
the wire directly as a torsion pendulum because of its extreme fragility. 
A large number of readings were made for each metal with increasing 
angles of twist up to beyond the point at which permanent set appeared, 
but not to the rupture point. For both antimony and tellurium, the 
relation between twist and moment of force is linear up to the appearance 
of set. The antimony (diameter 0.0357 cm.) showed a very slight set 
after a twist of 1° per cm. of length; the maximum twist given was 
3.6° per cm. after which the set was 0.4° per cm. Tellurium (diameter 
0.0349 cm.) showed very slight set after 1.3° per cm., and after the 
maximum twist of 6.7° per cm. a set of 0.2° per cm. The rigidity was 
calculated from the twist by the formula 

, 2 Moment of Force 
a mr 


where 7 is the twist in radians per unit length. 


E “ 
C. G. S. Units. Cc. G. S. Units. 
CS 65.65.00 ateanalwnssoomenee 7.8 XX 10% 2.0 X 10" 
6 sire crore enweeteaeeounres 4.1 X 10" 1.54 * 10 


The results are shown in the table. The order of magnitude of these 
constants is the same as that for ordinary grades of glass, which have 
an E around 6 X 10" and a uw around 2.5 X ro". 

The reason is now apparent for the statement in the introduction 
that the results could give only a rough average value, and that any 
attempt to secure greater accuracy would be illusory. The relation 
between the constants for antimony is not one that is possible for an 
isotropic material, because if such a material is stable 3u must be greater 
than £, and this is not true for antimony. If such a substance existed, 
it would expand under pressure. It has of course been known for a long 
time that many metals in the form of wire do not behave like isotropic 
materials. This example of antimony is perhaps an extreme instance 
of departure from isotropy, but is no more than one would expect for an 
exceptionally crystalline substance like this. The only use to which 
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the constant E as determined above can be legitimately put is in calcu- 
lating the bending of a wire under conditions similar to those of the 
test. It would be most desirable to determine E by a direct measure- 
ment of the extension under tensile load, but this would be a matter of 
great difficulty, because the extension of a piece 10 cm. long under the 
breaking load would be in the neighborhood of only 0.01 mm. This 
load would not be more than sufficient to remove any initial slight curva- 
ture of the wire. 

The departure of tellurium from isotropy is not so extreme as that of 
antimony, for at least the constants satisfy the necessary conditions 
that the constants of an isotropic body must satisfy. If we assume 
complete isotropy, we will find the cubic compressibility to be 0.0000024 
kg. percm?. This computation is probably not worth a great deal, but 
is perhaps worth recording because there seem to be no measurements 
whatever of the compressibility of tellurium. It is interesting to notice 
that this value fits easily into Richards’s curve showing the compressi- 
bility of the elements as a periodic property.! Poisson’s ratio, also com- 
puted on the assumption of complete isotropy, is 0.33, which is an entirely 
normal value. 

In addition to the elastic constants, the behavior beyond the elastic 
limit was just touched. The breaking load in pure tension was 108 
kg./cm*®. for antimony, and 115 kg./cm?. for tellurium. Although ex- 
ceptionally brittle, both antimony and tellurium will receive a slight set 
before breaking. A piece of antimony wire 8 cm. long and 0.0356 cm. 
diameter, fastened rigidly at one end and bent by a weight at the other, 
showed a maximum permanent set of 0.28 cm. and broke when deflected 
through 1.5cm. The weight to produce rupture was 0.36 gm. A similar 
test on a piece of tellurium wire of 8 cm. length and 0.0348 cm. diameter 
showed a maximum set of 0.11 cm. and broke under a deflection of 1.82 
cm. The brittleness is extreme for a metal, but is probably not as high 
as that of glass. The strength, however, is only about one fifth that of 
ordinary glass. 

Summary.—The chief results are contained in the figures of the table 
on page 140. These were computed on the assumption of perfect iso- 
tropy. Antimony wire affords an extreme example, however, of non- 
isotropy, and possibly tellurium also is not isotropic. The constants 
must, therefore, be used with reserve in computing strains of other 
types than those involved in these tests. 


THE JEFFERSON PHYSICAL LABORATORY, 
HARVARD UNIVERSITY, 
CAMBRIDGE, MaAss. 


1T. W. Richards, Jour. Amer. Chem. Soc., 37, 1649, 191s. 
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THE ACTINIUM-URANIUM RATIO IN COLORADO 
CARNOTITE. 


By Kari H. FuSSLeEr. 


T is generally accepted by investigators in radio-activity that actinium 
is a branch product from the uranium transformation series. This 
is based on the following facts: (1) Actinium is always found in uranium 
minerals; (2) Boltwood! separated the actinium from North Carolina 
uraninite and determined the ratio of its activity, with its products in 
radio-active equilibrium, to the activity of the uranium with which it 
was associated. The values of this ratio, from the four determinations 
which he made, were 0.14, 0.15, 0.24 and 0.36. He gives the value 0.28 
as the weighted mean of these results. (3) He! also measured the total 
activity of various uranium minerals and determined what fraction of 
this total activity is due to each of the separate radio-elements contained 
in the minerals. His results indicate that the activity of a uranium 
mineral, containing equilibrium amounts of the various radio-elements, 
is about 4.7 times the activity of the uranium in the mineral. The sum 
of the activities of the separate radio-elements, uranium to polonium, 
plus 0.28 X uranium for the actinium series, gives 4.64 X uranium as 
the total activity of the mineral. If actinium is a branch product of the 
uranium series there should be a constant ratio between the activities 
of the actinium and of the uranium in all uranium minerals. 

Since this ratio has been directly measured for only one uranium 
mineral and for only two specimens of that mineral? it was thought 
desirable to determine it using another uranium mineral. This paper 
describes the experiments carried out using Colorado carnotite. 

Through the courtesy of the Cummings Chemical Company, manu- 
facturers of radium, of Lansdowne, Pa., I was enabled to select my 
specimens from ton lots of mineral. Only large, firm lumps of the 
higher grade ores were chosen. The final selection was made at the 
laboratory from the bulk of the mineral brought from the factory, and, 
as a rule, only the centers of the larger lumps were chosen. The two 


1 Boltwood, Amer. Jour. Sci., XXV., p. 269, 1908. 
2 The specimens used are described by Boitwood as no. 3 and no. 4 uraninite from Spruce 
Pine, N. C. Two of the results were obtained from one sample of specimen no. 3, one result 
from another sample of the same specimen, and one from a sample of specimen no. 4. 
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specimens finally selected represented two different shipments of ore. 
Specimen A after pulverizing and passing through a 40-mesh screen 
consisted of about 300 grams of carnotite. Specimen B was a lower 
grade material. There were about 75 grams in this lot. 

The radio-active measurements were made in an alpha-ray electroscope 
which will not be described as it differed in no essential detail from one 
described by Boltwood.' The gold-leaf was charged by connecting, 
through a water resistance, to the negative terminal of a 400-volt battery 
of ‘‘Spindler and Hoyer”’ cadmium cells. The guard ring was perma- 
nently connected to the negative terminal of the battery. The case of 
the electroscope and the positive terminal of the battery were connected 
to earth. 

A microscope, with a graduated scale in the eye-piece, was rigidly 
clamped in front of the electroscope. The readings consisted in timing 
the passage of the tip of the gold-leaf over a certain definite portion of 
the graduated scale. The sensitiveness of the electroscope was deter- 
mined for every series of measurements by taking a reading of the leak 
produced by a standard film of uranium oxide. This standard was 
made several years ago by Professor D. H. Kabakjian, from a very pure 
specimen of uranium oxide. It was deposited in the form of a thin film 
on a light brass disc. It has been carefully preserved and from time to 
time its activity has been compared with the activity of a primary 
uranium standard, which was similarly prepared, and which has been 
used only as a comparison specimen for the secondary standards. 

The natural leak of the electroscope was determined for every series 
of measurements and the corrections made for it. It was fairly low and 
has not varied materially during the past one and one half years. 

The general plan of the experiments was to separate chemically the 
ionium, radio-actinium, and actinium, as a group, with the rare earths 
as oxalates, from the other radio-elements in a specimen of carnotite, 
to determine the weight of the mixture of these elements and the non- 
radio-active elements separated with them and to make a very thin 
film, of known weight, on a metal plate, from this active material. The 
growth of activity of this film was measured at intervals over a period 
of about 100 days, at which time the equilibrium value had been attained. 
The activity due to ionium and actinium plus its products in equilibrium 
in one gram of carnotite was calculated from the equilibrium value of 
the activity of this film. A film, of known weight, was also made from 
the uranium separated from the same specimen of mineral. The activity 
due to the uranium alone in one gram of carnotite was calculated from 


1 Loc. cit., p. 272. 
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the activity of this film. Boltwood' has shown that the activity of 
ionium in a uranium mineral is 34 per cent. of the activity of the uranium 
with which it is associated. This result was used in calculating the 
activity of the ionium per gram of mineral. Deducting the activity due 
to ionium, from the combined activity of ionium and the actinium series, 
gives the value of the activity due to actinium and its products in equi- 
librium in one gram of the mineral. This latter value divided by the 
activity due to the uranium in one gram of the mineral gives the value 
of the actinium-uranium activity ratio. 

Because of the minute quantities of these radio-elements in a mineral 
the usual method used in separating them is to introduce into the solu- 
tions other elements, or carriers, which are either isotopic, or chemically 
similar to them. The best method of separating ionium from a mineral 
is to introduce thorium, if not already present, and then separate the 
thorium by the well-known chemical processes. Wishing to avoid the 
introduction of another radio-element, cerium was used as a carrier, 
the chemical properties of which are not very different from those of 
ionium. In the same way lanthanum was used as a carrier for the 
actinium.?. As radio-actinium is isotopic with ionium,* evidently it will 
be precipitated with the ionium. The details of the experiments are as 
follows: 

Experiment 1.—Twenty-five grams of specimen A carnotite were de- 
composed by heating with dilute nitric acid and the solution evaporated 
to dryness. The residue was treated with hot dilute nitric acid. The 
insoluble matter was separated by decantation and again treated with 
the hot dilute acid. The solutions were combined and the insoluble 
matter, consisting largely of silica, after washing, was found to have 
negligible activity. The solution was saturated with hydrogen sulphide 
to separate the insoluble sulphides after the addition of a small quantity 
of bismuth nitrate to ensure complete precipitation of the polonium. 
The filtrate was boiled to remove the excess of hydrogen sulphide. 
Small amounts of cerium nitrate, and lanthanum nitrate, were added, 
and while the solution was still hot, an excess of oxalic acid was added 
and allowed to stand for about twenty hours. The precipitated oxalates 
were removed, a minute quantity of the cerium and lanthanum salts was 
again added, and the precipitation by oxalic acid repeated.‘ The 
oxalates were combined, converted into nitrates, and again precipitated 


1 Loc. cit., p. 289. 

2 Auer von Welsbach, Sitzungber. K. Akad. Wiss. Wien, I910, 119, ii., a, I. 

3 Fleck, Journ. Chem. Soc., 103’, 381, 1913. 

4In work preliminary to these experiments it was found that a third oxalate precipitate 


had a negligible activity. 
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by oxalic acid. The oxalates were converted into oxides by intense 
ignition over the blast-lamp. The rare earth oxides obtained in this 
manner weighed 1.0230 grams. A film weighing 0.0082 gram was made. 
The activity of this film when it had reached equilibrium, was 5.202 
—s ° . . . 1.0230 hind we 
divisions per minute. This gives 25 X 0.0082 X 5.202 = 26 divisions 
per minute for the activity due to the ionium and the actinium, plus its 
products in equilibrium, in one gram of carnotite. , 

The filtrates, from which the oxalates were separated, were evaporated 
to dryness and gently heated to destroy the oxalic acid. The residue 
was taken up in dilute hydrochloric acid, a small amount of barium 
chloride was added, and the radium precipitated as sulphate with the 
barium. The addition and precipitation of the barium was twice 
repeated to ensure complete removal of the radium. The filtrate was 
boiled with an excess of sodium carbonate, containing some ammonium 
sulphide, and the carbonates filtered off. The uranium was precipitated 
and weighed as sodium uranate. It weighed 6.6042 grams and the film 
made from it weighed 0.0096 gram. The activity of the film was 1.990 
divisions per minute. This gives an activity of 55 divisions per minute 
for the uranium in one gram of the mineral. 

The activity of the ionium per one gram of the mineral, using Bolt- 
wood’s value, should be (0.34 X 55) 18.6 divisions per minute. De- 
ducting this value from the activity calculated from the ionium-actinium 
film (26 divisions per minute per one gram of mineral) gives 7.4 divisions 
per minute as the activity due to actinium and its products in equilibrium, 
This is 0.135 times the activity of the uranium. 

Experiment 2.—Fifty grams of specimen B carnotite were taken for 
this experiment. The material was treated in the same manner as that 
of experiment 1. The activity of the ionium-actinium film 100 days 
after separation was 2.116 divisions per minute which gave 18.2 divisions 
per minute as the total activity of the ionium and actinium per one gram 
of mineral. The sodium uranate separated weighed 8.5234 grams, and 
the film weighed 0.0041 gram, which showed an activity of 0.849 divi- 
sion per minute. This gave an activity of 35.2 divisions per minute 
for the uranium in one gram of carnotite. The activity of the ionium, 
calculated as before, is (0.34 X 35.3) 12.0 divisions per minute. Sub- 
tracting this from the combined ionium-actinium activity gives 6.2 
divisions per minute as the activity of the actinium series. This divided 
by the activity of the uranium (35.3 divisions per minute) gives 0.176 
as the value found for the ratio of the activity of the actinium and its 
products to that of the uranium with which it is associated. 
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Experiment 3.—Twenty-five grams of specimen A carnotite were treated 
in the same manner as in experiment 1. The activity of the uranium 
per gram of carnotite was 51.5 divisions per minute. The combined 
activity of the ionium and the actinium series per gram of carnotite 
was 23 divisions per minute. The calculated activity due to the ionium 
(0.34 X 51.5) is 17.5 divisions per minute which leaves 5.5 divisions per 
minute as the activity due to actinium and its products in equilibrium. 
This divided by the activity of the uranium gives 0.107 as the actinium- 
uranium ratio. 

The values for the relative activity of the actinium series obtained in 
these experiments were, therefore, 0.135, 0.176, and 0.107 X Ur. 

A theoretical curve was plotted on the assumption that an equilibrium 
amount of radio-actinium was precipitated with the actinium. This 
curve was obtained by adding the ordinates of curves J and IJ, Fig. 1. 
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Curve J is the recovery curve of actinium freed from all its active pro- 
ducts.! The ordinates represent the activity and the abscissae the time 
in days from separation. The equilibrium value of the activity is taken 
as 100. McCoy and Leman? have shown that the equilibrium activity 
of radio-actinium is 17.6 per cent. of the total activity of the actinium 
series. This value is used as the initial value of the radio-actinium 
curve (Curve JJ). The crosses give the experimental values of the 
growth with time of the activity of the film of experiment no. 2. The 
curves for experiments no. I and no. 3 were similar in shape, but with 
initial activities somewhat lower. (13.9 per cent. for no. I and 11.7 
per cent. for no. 3.) The agreement is well within the limits of experi- 
mental error. This, I believe, indicates that the film did not contain 


1 Hahn, Phil. Mag., XIII., 165, 1907. 
2 Puys. REv., 4 Ser. 2, 1914, p. 409. 
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other radio-active elements in quantities sufficient to appreciably alter 
the shape of the actinium plus radio-actinium curve. The disagree- 
ment between the experimental and the theoretical curves may be 
accounted for by an incomplete precipitation of the ionium in the speci- 
mens. A computation shows that if 1.5 per cent. (for film of experiment 
no. 2) of the ionium remained in the solution the starting point of the 
two curves would agree. This would make the actinium ratio larger by 
about 2.8 per cent. 
CONCLUSIONS. 

1. The ratio of the activity of the actinium series to the activity of the 
uranium associated with it in Colorado carnotite has been determined. 

2. The results indicate that the quantity of actinium in carnotite is 
proportional to the quantity of uranium. 

3. The value of the ratio is of the same order of magnitude, but some- 
what lower than that obtained by Boltwood using North Carolina 
uraninite. 

4. The results are in agreement with the theory that actinium is a 
branch product of the uranium series. 

In conclusion I wish to acknowledge my indebtedness to Professor 
Arthur W. Goodspeed for kindly placing at my disposal all the facilities 
of the Randal Morgan Laboratory, and to Professor D. H. Kabakjian 
for suggesting the subject of this research and for his continued co- 
operation and valuable criticisms during the course of the investigation. 


RANDAL MORGAN LABORATORY OF PHYSICS, 
UNIVERSITY OF PENNSYLVANIA. 
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THE OPTICAL PROPERTIES OF AN ISOLATED CRYSTAL 
OF SELENIUM. 


By CHARLES H. SKINNER. 


HE optical properties of various forms of selenium have been in- 
B paedie by Meier,! Foersterling and Fréedericksz,? Gripenberg, 
Pfund,* Wood? and others, but no results have yet been published on the 
optical properties of an isolated crystal of selenium. The present paper 
is to extend the investigations to this particular form. 

The polarimetric, or Babinet compensator, method was used. The 
investigation was confined to a prism face of a crystal of the hexagonal 
prism type.® The reflecting surface was about 2 mm. by 5 mm., and 
required no polishing. A frequent cleansing in alcohol helped prevent 
the formation of surface films. Owing to the purity of such crystals, 
the surface may be taken as very probably representing the state of 
matter within the crystal. 

The theory of metallic reflection for crystals of this type has been 
fully developed by Drude.’ 

Let ¢1, #1, be the angles of principal incidence and principal azimuth, 
respectively, when the crystal is in the first principal 
position (7. e., when the principal axis of the crystal is 
parallel to the plane of incidence) ; 

$2, 2, be the angles of principal incidence and principal azimuth, 
respectively, when the crystal is in the second principal 
position (7. e., when the principal axis of the crystal is 
perpendicular to the plane of incidence) ; 

N1, No, ki, ke, Ri, Ro, be the indices of refraction, absorption coef- 
ficients, and coefficients of reflection, respectively, for 
the two principal positions: 

1 Meier, Ann. d. Phys., 31, p. 1029, 1910. 

2 Foersterling and Fréedericksz, Ann. d. Phys.¢ 43, p. 1227, 1914. 

3 Gripenberg, Phys. Zeitschr., 14, p. 123, 1913. 

4 Pfund, Phys. Zeitschr., 10, p. 340, 1909. 

5 Wood, Phil. Mag., S. 6, Vol. 3, pp. 612-613, 1912. 

6 These crystals were obtained through the courtesy of Dr. F. C. Brown, of the physical 


laboratory of the State University of Iowa. 
7P. Drude, Ann. d. Phys., 32, p. 613, 1887; 34, p. 515, 1888; 36, p. 542, 1889. 
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Index of Refraction. 


The results are shown graphically in Figs. 1-5, where 
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Absorption Coefficient. 


¢@, w, and the calculated constants, are plotted with the wave-length. 
Curves marked I and II refer to the crystal in the first and second princi- 


pal position, respectively. 
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It was found that when the crystal was placed in the second principal 
position, the results obtained agreed well with the best published results 
for crystalline selenium in mass. The curves marked F are from the 
results of Foersterling and Fréedericksz, who used mirrors obtained by 
spreading melted selenium over a well cleaned glass plate, and heating 
in a sand-bath at 180° C. Pfund determined 
R by a direct method, using mirrors obtained 
in the above manner. His results are shown 
in curve P, Fig. 5. ‘ 

With the crystal in the first principal posi- 
tion, quite different results were obtained, 


»% & 8 


II 
40 .46 80 .66 .60 2s there being no similarity whatever to the 





A in pw 
Fig. 5. 


Reflecting Power. 


results for the other position. It is interest- 
ing to note that the index of refraction as 
determined for this position is more than 15 
per cent. greater than that found by any observer for other forms of 
selenium. There is no other known element with so high a refractive 
index. 

The results show that. isolated hexagonal crystals of selenium are 
doubly refracting. This points to the possibility that all such crystalline 
substances that reflect metallically have in general three sets of optical 
constants (two in any one plane); and that when one determines the 























First Principal Position. Second Principal Position, 
ea bee Ve | Myo | ky. R\. $e: | Ve | Mo. | Xe. Re. 
406 78° 47’ | 12°32’ | 4.40 | .458 | .472 71° 45’| 8° 40’| 2.86 | .320 | .273 
441 78 13 10 54 | 4.26 | .395 | 442 71 37/8 42) 2.83 | .319 | .269 
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.626 77 «O01 5 20 4.09 | .188 383 73 13|5 16) 3.17 | .184 | .285 
.668 76 47 4 58 | 4.02 | .172 | .374 72 57|3 42! 3.15 | .132 | .276 











optical constants for any crystalline substance, used in mass, only a 
certain mean set of values is obtained. 

In conclusion, I wish to acknowledge indebtedness to the staff of the 
physical laboratory of the State University of Iowa for the use of ap- 
paratus, and especially to Professor L. P. Sieg for suggesting the problem. 


PHYSICAL LABORATORY, 
STATE UNIVERSITY OF Iowa. 
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MEASUREMENTS IN FRICTIONAL ELECTRICITY. 
By N. R. FRENCH. 


HISTORICAL. 


INCE all the recent articles bearing upon this subject have appeared 
in other magazines, a brief outline of the results of the recent 
researches is given here. 

Morris Owen' took measurements of the charges produced upon 
various bodies by known amounts of energy expended in friction and 
found that with definite amounts of frictional work the charges reached 
certain fixed maxima, depending upon the kind and size of specimen, 
but that these same maxima could be reached with a less expenditure of 
energy by increasing the pressure between the rubbing surfaces. The 
final maximum charges, however, were independent of the pressure. 
Owen concluded that Helmholtz’s theory that frictional electricity is in 
the nature of contact electricity, the frictional work being done to bring 
the surfaces into closer contact, is borne out by his observations, since 
after several consecutive rubs the maximum charge could be produced 
by a much smaller amount of work than that required the first time. 
After several hours’ rest the material would return to its original condi- 
tion in which a much larger amount of energy was required to produce 
the maximum charge. His theory of this phenomenon was that the 
surface of the material underwent a slow elastic recovery of its uneven 
form or that it resulted from the tarnishing of the surface by the atmo- 
sphere, thus causing a poor contact during the first rubs. No evidence, 
however, of the slightest charge was produced by mere contact of the 
surfaces. | 

In a recent paper, W. Morris Jones® published the results of his work 
in this field. He found that by increasing the softness of the rubbers 
the rest between the rubs could be made shorter and still have the 
specimen return to its original condition. His results give the interesting 
facts that transparent insulators are positively charged when rubbed 
with flannel, silk and chamois leather, while negative charges are produced 
on opaque insulators by rubbing with these same three materials. 


1 Phil. Mag., April, 1909, p. 457. 
2? Phil. Mag., Feb., 1915, p. 261. 
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He found that in the case of metals, using silk as the rubber, the sign 
and amount of the charge is not as definite a characteristic of the material 
as in the case of non-conductors. First, reversal of sign often took place, 
especially in the case of zinc and iron. The following extract is taken 
from his paper: ‘‘When the metals were all cleaned with very fine emery 
paper, all the specimens except thallium, lead, and bismuth (which 
have the highest atomic weights) gave a negative charge at the first rub. 
Continued rubbing, however, produced a polish on the metals, and then 
it was found that the negative charges on aluminum, iron, copper, zinc, 
and antimony became less and less and changed to positive, though the 
other metals, on continued rubbing, did not show this effect.’’ Later 
in this paper this statement will receive further treatment. Secondly, 
low readings were obtained when the surfaces were tarnished with oxide, 
positive charges being obtained for small amounts of work and negative 
for large amounts. 

Plotting atomic weights against the maximum charges, all the metals 
being rubbed with the same substance, he obtained a curve which ex- 
hibits some evidence of periodicity. No effect upon the production of 
the charge was obtained by placing the specimen in magnetic and electric 
fields or by changing the temperature. 


APPARATUS. 


The apparatus for the production of the charge, a sketch of which is 
shown in Fig. 1, was practically the same as that employed by Owen. 


™ A slate wheel, 61 cm. in diameter and 5.1 
an cm. in thickness, around the rim of which 
—_ bands of the rubbing material were fast- 

F ened, was driven by an electric motor 


through a system of pulleys which made 
possible several speeds. 

The vertical part of the specimen-holder, 
which possessed an adjustable ebonite vise- 
like arrangement at the lower end for holding the specimens, con- 
sisted of a strip of ebonite 30 cm. long, 5 cm. wide and approxi- 
mately 0.7 cm. thick; the horizontal part was a steel rod passing through 
a movable weight. This holder was free to rotate about a horizontal axle 
which could be moved vertically or in a horizontal plane. The pressure 
between the specimen and the band on the wheel rim was regulated by 
means of the movable weight. 

After a specimen had been rubbed, the holder was rotated in a hori- 
zontal plane till the specimen was above a deep metal can into which 








Fig. 1. 
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it was lowered, a set-screw having previously been tightened to prevent 
rotation about the axle. This can was contained within a larger one 
from which it was insulated by shellaced ebonite posts. This outside 
can was grounded, the inside can being connected to one pair of quadrants 
of a quadrant electrometer, the other pair of which was also grounded. 
On account of the small capacity of this system, the inside can was also 
connected to one side of a condenser of known capacity, the other side 
being connected to the ground. It was found that the capacity of the 
condenser could be taken as the capacity of the system with an error 
of approximately one part in five hundred. The measuring apparatus 
was kept within a grounded tinfoil covered box which protected it from 
outside disturbing influences. ° 

The electrometer needle, the deflections of which were read with a 
telescope and scale, was kept at a constant potential by connection with 
one side of a set of storage batteries the other side of which was earthed. 
The electrometer was frequently calibrated by using known potential 
differences and noting the deflections, which in most cases were pro- 
portional to the applied potential differences. After each set of readings 
throughout all the work tests were made to make certain that the calibra- 
tions still applied. By noting the deflection caused by an unknown 
charge and then referring to the calibration curves, the value of the 
charge could be easily computed since the capacity of the system was 
known. 

To improve insulation the surface of the slate wheel was coated with 
shellac and a band of silk placed next to the rim beneath the bands of 
wool which were used as rubbers. The insulation of this and the speci- 
men-holder was frequently tested. 

The specimens consisted of several metals, all 2.5 cm. square and 0.9 
cm. in thickness. Great care is needed in preparing the specimen for 
rubbing because the condition of the surface determines to a large extent 
the size and in some cases the sign of the charge. It was found, after 
trying several methods of preparing the surface, that going over it with a 
fine file just before each set of observations gave the best results and 
insured all the metals being in the same condition. It is important to 
always get the metal in the same position with reference to the rubber; 
if it is not in good even contact a low charge usually results. It was 
found that a speed of seventeen r.p.m. of the wheel gave the best results, 
all the work being carried on at this speed. Since the work done was 
proportional to the time of rubbing, only the time of rubbing was re- 
corded. 
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THE RELATIONSHIP BETWEEN THE CHARGE AND WORK AND THE DETER- 
MINATION OF THE MAXIMUM CHARGES FOR SEVERAL METALS 
AND THEIR ALLOYS. 

The following metals were used: aluminum, zinc, an alloy of half 
aluminum and half zinc, lead, tin, and an alloy of half lead and half tin. 
In determining the relationship between the charge and the work done, 
the rubs were taken immediately following each other, 7. e., as soon as 


TABLE I. 
Specimen. Maximum Charge in E, S. U. 
Na Seo Sora a: $k ok Peewee a olla ak aA 65.4 
NG Being eddie akeiee a ais oe ad ae Een eee 23.8 
Pe re re errr 23.0 
. I acacia cake he os wae ene Sa oe A 46.4 
Ne ite hoe ae kak Ose Te ae dae ee $7.1 
Py IN BE HI 6 6.5. ohn si ccd dacenincawces 45.6 


the measurement of the charge obtained from the first rub was com- 
pleted, the specimen was discharged as well as the rubber, and at once 
rubbed again, this time for a longer period. This process of rubbing, 
measuring the charge, discharging, and then rubbing again for a longer 
period, was continued till the charge showed no increase. After the 
maximum charge was obtained, a second set of data, commencing again 
with a short rub, was immediately taken on the same specimen. In 
constructing the curves showing this relationship, charges were plotted 
in terms of the electrometer deflections. The temperature and humidity 
of the air were kept nearly constant for this part of the work. 


DISCUSSION OF RESULTs. 


These plots showing the relationship of the charge to the work bring 
out a point mentioned in the paper of Morris Jones and show that his 
explanation of it (quoted on page 151) is apparently incorrect. The 
following is taken directly from his paper: ‘‘When the metals were all 
cleaned with fine emery paper, all the specimens except thallium, lead, 
and bismuth (which have the highest atomic weights) gave a negative 
charge on the first rub. Continued rubbing, however, produced a polish 
on the metals, and then it was found that the negative charges on alumi- 
num, iron, copper, zinc and antimony became less and less and changed 
to positive, though the other metals on continued rubbing did not show 
this effect.” 

The following plots show this effect: Curves z and 2, Fig. 2, Curves 
1A, 1B, 2A, and 3A, Fig. 3. The metals showing this effect are an alloy 
of lead and tin (although neither lead nor tin alone showed it), aluminum, 
zinc and an alloy of aluminum and zinc. 
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On examination of the above extract from the paper of Mr. Jones, 
one would get the impression that Jones believed the production of the 
polish to be the cause of the change in sign of the charge after the metal 
had been rubbed for some time. My results seem to disprove this theory. 
Curve 2, Fig. 2, is constructed from data taken immediately after the 
taking of data for Curve z. Curve 1 shows the change from negative 
to positive after continued rubbing, the last point in 1 being obtained 
for a rub of one hour. According to Jones the surface of this metal 
was polished after being rubbed only 400 seconds, this being the point 
where reversal takes place. At all times after this, rubbing ought to 
result in the production of positive charges, which, however, does not 
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take place. Starting once more with short rubs, negative charges are 
again produced, although as long a time is not now needed to cause the 
reversal of sign. Nothing, whatsoever, has been done to the specimen 
between the two series of rubs, the second of which followed immediately 
after the first. Curve 2B, Fig. 3, also exhibits this same phenomenon, 
the ‘‘B” Curves being plotted from the data taken immediately after 
that for the “‘ A” Curves. 

It will be noticed from the above plots that the negative charges 
obtained from the second set of readings are in each case less than those 
obtained from the first set by the same amount of rubbing. 

Rapid oxidation of the specimen between rubs would not account for 
this reversal as it is found, because the specimens, when oxidized, give 
positive charges at first and then reverse to negative after enough rubbing 
to wear away this oxide.!. This condition is not shown on the plots 


1 Jones, loc. cit. 
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because the surface of each specimen was cleaned with a fine file before 
each set of observations for the purpose of removing this oxide. Jones 
stated in his paper that temperature changes had no effect upon the 
production of the charge so it is probable that this condition was not 
brought about by an increase in the temperature due to friction. 

It may be of interest to note in Table I. that of the alloys used, neither 
one gave a maximum charge larger than the smaller maximum charge 
of its two constituents. 

An attempt to explain the above results from an entirely new point 
of view follows: 

It is known that, under ordinary circumstances, the surfaces of bodies 
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are covered with layers of occluded air. This can be shown by what 
are called ‘‘breath figures.’’ Let a glass plate remain in the air for 
several hours after being cleaned, and then, without scratching the 
surface, mark upon it with a hard point. If the surface is now breathed 
upon, the mark is rendered visible. The explanation given for this is 
as follows: the glass, after being cleaned, has adsorbed air to its surface; 
the marking removes some of this occluded air, and the breathing dis- 
tributes vapor unequally over the surface, more being absorbed and 
condensed where there is still occluded air than in those places where it 
has been partially or wholly removed. This air is not removed except 
by hard rubbing or scratching, as can be shown by rubbing this surface 
after the mark has been made upon it. Breathing upon it again, after 
this rubbing, will still render this mark visible, showing that the air on 
the other parts of the surface has not been removed, since it is the con- 
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trast between the condensation of vapor on the surface where there is 
and where there is not condensed air, that renders the mark visible. 

Ordinary air contains moisture which would be deposited along with 
the air upon the surface of the solid, so that all substances probably 
have layers of air upon their surfaces, this air condensing with it the 
water vapor which it contains. 

Supposing, then, that the surfaces of the metals have these layers of 
condensed air and water vapor, let the rubber be brought in contact 
with the surface of one of the specimens and the rubbing commenced. 
Charges then begin to be developed, not only between the metal and the 
flannel, but also between this surface layer and the flannel. To explain 
our results we must now make two assumptions concerning the production 
of the charge from this layer: (1) The charge which the film yields is 
negative in sign; (2) the maximum charge given by the film alone is 
smaller than that given by any of the metals used, meaning by “ the 
charge of the metal,” the charge that would be obtained if the film gave 
no charge. 

The following equation, developed by Jones, gives the charge in terms 
of the work and two constants which have values depending upon the 
substances used: 


Q=-(I — e), (1) 


a | 


where Q equals charge, w the energy expended in frictional work, a and } 
being constants which come into the expressions for the rate of libera- 
tion of electrons from one surface, and the leakage back to the surface, 
respectively. 

Let Q; and Q2 be the charges produced on the surface layer and metal, 
respectively; a.and b constants for the action between the surface layer 
and woolen band; c and d constants for the action between the metal 
and wool; w; and we the respective amounts of work done in producing 
Q; and Qs, where the sum of w; and we equals the total amount of energy 
used in the production of any charge. Then 


Q=7U - om) 


oa! 8 


and 


a= fue) 


The resultant charge is then the difference between Q; and Qz since, 
according to Assumption 1, these charges are opposite in sign those 
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metals which show reversal yielding a positive charge finally, or 


c 


Q=O- =F - e™) -F (I -e™). (2) 


Although, for any rub, we is probably greater than w, it is possible to 
assign values sufficiently large to b and small to d, if c/d is greater than 
a/b (Assumption 2), such that Qz — Q; will be negative for short rubs 
but positive for those of longer duration. 

Or d and b may have such values that for a given ratio of w; and we, 
Qe — Q: can only have positive values. 

The above mathematical reasoning shows how it is possible for reversal 
of sign to take place on the basis of the adsorption theory. It is evident 
that if reversal took place for the first set of readings it would also for 
the second, other conditions being the same. But what will actually 
happen is complicated by the fact that probably some of the surface 
film is worn away by the rubbing which, it is evident, would result in a 
smaller negative charge or even a positive being obtained for the first 
short rub of the second series of observations. 


THE RELATIONSHIP OF THE CHARGE TO THE HUMIDITY. 


It was soon found that a much smaller charge was obtained during 
damp weather than during dry. It was thought, at first, that this was 
due to a leak from the apparatus, but several tests were tried, when the 
absolute humidity was high, which seem to disprove the leak explanation. 
A charged electroscope was slowly moved over the rim of the wheel 
and the rapidity of the collapse of the gold leaves noted. No appreciable 
amount was noticed, however, and the electroscope could be left in 
stationary contact with the rim of the wheel for an hour with no greater 
leak than would take place from the electroscope alone. * The condenser 
and electrometer would remain charged for several hours in the dampest 
of weather with only a small loss. After a reading had been taken, 
removing the holder from the jar and again taking the measurement 
after an interval was tried. The loss produced in this manner varied 
but very little in damp and dry weather. 

The metals used in this part of the work were aluminum, lead, and tin. 
The length of the rub was different for each metal, 300 seconds, yielding 
a maximum charge, being the period for tin, 30 seconds for lead, and 
10 for aluminum. To do away with numerical calculation, the values of 
the charges were not worked out. Instead, the potential of the charge 
was measured and plotted against the absolute humidity, the shape of 
the curve being unchanged by this substitution. The plots obtained, 
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Fig. 4, seem to show that there is some relationship between the charge 
obtained from specimens of metals and the absolute humidity of the 
atmosphere. | 

DISCUSSION OF RESULTs. 


Using equation 2 we get for the resultant charge in any case, 
ae é = —dw, nae a = —bw; 
C*26 =<" — 50 es 


a/b and c/d being the maximum values of the charges obtained from the 
surface film and metal, respectively. Since, as found by Owen, the 
charge is directly proportional to the surface area of the specimen, an 
increase in the absolute humidity will result in an increase in surface area 
of the surface film, more moisture being deposited, and a corresponding 
increase in a/b and decrease in c/d. Any positive value of Q will then 
be decreased by an increase in absolute humidity which is in agreement 
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with plots for lead and tin in Fig. 4. The data for aluminum was taken 
before reversal of sign took place—the charges all being negative. Ac- 
cording, then, to equation 4 it seems as if, for this particular case, the 
charges should be increased by an increase in absolute humidity, which 
is not in accordance with the actuality as shown by the curve for alumi- 
num on Fig. 4. The results are probably complicated, however, by the 
existence of a changing surface condition upon the flannel rubber, in- 
creased moisture being deposited there by the increased humidity, but 
probably being worn away much more quickly than on the metal. It is 
to be noticed, however, that the rate of change of charge with respect to 
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absolute humidity for the aluminum is not as great as for the tin and 
lead, the average rate between the absolute humidities of three and six 
grams per cu. meter of air being 8.3 volts fall per increase of 1 gram of 
water vapor per I m’*. of air. for lead, 5.0 for tin, and 2.8 for aluminum. 

It is barely possible, of course, that this change in the charge was 
caused by a leak which the writer was not able to detect, although very 
careful tests were repeatedly made. It seems probable, however, that 
there should be some change in the charge with a change in the absolute 
humidity. 


TEST OF OWEN’S THEORIES AS TO WHAT TAKES PLACE ON THE SURFACE 
OF A SPECIMEN BETWEEN Russ SEVERAL Hours APART. 


After a specimen had been rubbed for a considerable length of time 
and then discharged, any definite charge can then be obtained with a 
smaller expenditure of energy than would be required at the first rub. 
If the specimen be given a rest of several hours, it will then be found that 
it has returned to its original condition in which a much larger amount 
of energy is required to produce the same charge. Owen attributed this 
to either an elastic recovery of the surface of the specimen or to its being 
tarnished by the atmosphere. The following experiments were tried to 
test his theories and to determine, if possible, the cause of this phe- 
nomenon. 

First, the effect of keeping the specimen in a vacuum after being 
rubbed, was tried. The specimen was first rubbed for quite a long period, 
the measurement of the time and charge then being taken for several 
short rubs, after which it was immediately discharged and placed under 
the bell jar of an air pump and the air removed. After several hours the 
charge was again obtained. 

The effects of. keeping the specimen in an atmosphere of water vapor 
and then in dry air were also tried. One difficulty which prevented more 
accurate study of these effects lay in the fact that it was necessary to 
bring the specimen back into the air while the development and measure- 
ment of the charge were being taken. Since the results were only quali- 
tative they are left as deflections of the electrometer rather than as 
charges. 


TABLE II. 
Specimen Used: Lead. 
Defiections 
Millimeters. Remarks. 
All rubs thirty seconds in length. 

142 Specimen previously cleaned with fine file. 

169 After four hours in a vacuum. 

170 After three hours in water vapor. 


138 After three hours in moist air. 
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DISCUSSION OF RESULTS. 


The data seem to show that the decrease in the charge produced by a 
definite amount of work on a specimen, which has been allowed to remain 
in contact with the air after previous rubbing, is caused by an action of 
the atmosphere upon the surface of the metal and not by an elastic 
recovery of the surface. In every case tried, and several sets of obser- 


TABLE III. 


Specimen Used: Aluminum. 
Surface cleaned with fine file before first rub of this set. 


er eer 1 2 3 4+ 
LANGER OF FUD—OOCB. 6.5 55 ccc i cdcescceces 30 60 300 600 
re 3 — 27 — 34 — 52 
Specimen put in vacuum after last rub above—removed 12 hrs. later. 
Sh ee IN os Paves Shc ee od bts as bok whadaden tom 1 2 
ee re ee 30 300 
PII io 5056 cere Fi seW aioe baie aienwed acne — 54 — 56 
Specimen left in moist air after last rub above—out 8 hrs. later. 
ak OE CITI no oa ae eicssansvcesces 1 2 3 4 
Oe |. re 30 60 300 600 
re 35 19 —2 — 10 


vations were taken which are not recorded here, the charges obtained 
by equal amounts of work after the specimen had been given a rest of 
from three to twelve hours in a vacuum, were as large as those obtained 
just before the specimen was put away. This seems to show definitely 


TABLE IV. 


Specimen Used: Aluminum. 
Surface cleaned with fine file before first rub of this set. 


ee rr 1 2 3 4 
ee fe ree ee 300 600 730 
EPTROCEIORID GAIN. 6. 5k 5.6 0.6 Sis ws sin es — 22 — 25 — 33 
Specimen put in water vapor after last rub above—out 7 hrs. later. 
No. of observation............ 1 2 3 4 5 
Length of rub—secs........... 30 60 30 30 30 
Defiections—mm.............. — 42 — 40 — 30 — 32 — 31 
Kept in dry air for ten hours after last rub of above set. 
i I cance ce Gre Se AOS KOON ee Ree eee 1 2 
Re I PO os odo eh oe ws ee dea KeoND iene ee 60 
ic 5 Sic U ois Siow bie Sle hed Kae eae a eee 9 6 


that the phenomenon is not caused by an elastic recovery of the surface 
but by contact with something in the atmosphere. 

As shown by Tables II. and III., the charges obtained were larger 
after the specimen had been given a rest in a vacuum. This seems to 
be due to the fact that occluded gases and water vapor are given off by 
the metal when the atmospheric pressure upon it is decreased. 
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Keeping the specimen in an atmosphere of water vapor only, does not 
cause a decrease in the charge; in one case, as shown by Table IV., it 
was increased by this procedure; in another, Table II., it was not changed 
appreciably. 

As can be seen from the last part of Table IV., the charge was decreased 
and reversed in sign when the specimen was kept in dry air, the change 
in deflection being 40 mm. Sulphuric acid was used as a drying agent 
so the air was probably not totally free from moisture. The moist air, 
however, had over double this effect, the change in deflection being 87 
mm., and the time in moist air being eight hours as compared with the 
ten hours which it remained in the dry air (see Table III.). 

These facts seem to indicate that it is a mixture of air and water vapor 
deposited upon the surface of the specimen which causes this decrease 
in the charge, for a definite amount of work, after the material has been 
allowed to rest for some time between rubs. Possibly the formation of 
oxide upon the surface plays an important part. The dry air alone 
seemed to produce nowhere near the whole effect and the water vapor 
practically none at all. 


SUMMARY OF RESULTS AND CONCLUSIONS. 


I. Jones’s theory as to the cause of the reversal in sign of the charge 
produced on a metal specimen has been proven incorrect. 

2. For each of the two alloys examined the maximum charge was not 
the average of the maximum charges of the constituent metals, being, 
in fact, no larger than the maximum charge from the constituent giving 
the smaller charge. 

3. A relationship between the charge and the absolute humidity, for a 
definite amount of frictional work, has apparently been found to exist. 

4. The decrease in the charge produced by a definite amount of work 
on a specimen which has been allowed to remain in contact with the 
atmosphere after previous rubbing, has been shown to be caused by 
contact with a mixture of air and water vapor and not by an elastic 
recovery. 

5. To explain the facts, a theory, based upon the adsorption of air to 
the surface of the metal, has been proposed. 

Jones stated that magnetic fields caused no effect upon the production 
of the charge, but did not mention the kind of metals used for the tests. 
The writer made a few preliminary observations with paramagnetic 
substances in a magnetic field and also tried the effect upon the pro- 
duction of the charge of the magnetization of the specimen. Both these 
tests seemed to influence the results, but nothing definite enough to 
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warrant the drawing of any conclusions, was obtained. The intention 
is to investigate this question further at some future date using stronger 
fields. 

In conclusion, the writer wishes to express his thanks to Professors J. S. 
Stevens, L. E. Woodman and R. M. Holmes, of the University of Maine, 
for valuable advice during the course of the work, and also to Professor 
K. T. Compton, of Princeton University, for aid in the arrangement of 
the material for publication. 


THE UNIVERSITY OF MAINE PuysICAL LABORATORY, 
ORONO, MAINE, 
June, 1916. 
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THE MASS OF THE ELECTRIC CARRIER IN COPPER, 
SILVER AND ALUMINIUM. 


By RIcHARD C. TOLMAN AND T. DALE STEWART. 


N a previous article! we have described some experiments in which a 
coil of copper wire was rotated about its axis at a high speed and 
then suddenly brought to rest, the ends of the coil being connected with a 
sensitive ballistic galvanometer which permitted a measurement of the 
pulse of current which was produced at the instant of stopping by the 
tendency of the electrons to continue in motion. 

We have continued these experiments making use of three new windings 
of copper wire, and using two different windings each of silver and 
aluminium wire. These further experiments were made not only because 
it seems desirable to subject so new a phenomenon to a more rigid test, 
but because it is also desirable to see if the mass of the carrier of elec- 
tricity is the same in all different metals and how much it differs, if at all, 
from the mass of the electron in free space. 

The only change that we have made in our apparatus as described in 
the earlier article was to provide a small bowl-shaped metallic cover to 
protect the binding posts on the rotating wheel from air friction. This 
was particularly important when our coil was of aluminium or silver in 
helping to reduce accidental thermoelectric forces which arose at the 
junction of the coil with the copper wires which led to the galvanometer. 

A summary of our experimental results is given in Tables I., II. and 
III. The individual runs were made in the way described in our previous 
article and the deviations of individual results from the mean were of 
the same order of magnitude as those given in that place. 

The first column in Tables I., II. and III. states the number of the 
coil and this corresponds to the description of the coils given in Table IV. 
The following columns in the table give the number of individual runs,— 
the total resistance in the circuit, R,—the length of the rotating coil, /,— 
the rim speed of the coil, v,—the pulse of electricity, Q,—which passed 
through the galvanometer at the instant of stopping, and the mass of 
the carrier, M, as calculated with the help of the following equation: 

Mol 
Q=zR° (1) 
1 Puys. REv., 8, 97, 1916. 
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TABLE I. 
Copper Wive. 


























Geil | Beas! Reroeance)“nfehat| cUetgsingie. Seal, anxsot (0-16) 1/41 (0m, 
1. 23 | 40 46,650 | + 1980 1.30 5.43 | 1840 
15 | 40 46,650 | — 1980 1.10 4.61 | 2170 

10 | 40 46,650 + 2820 1.61 | 4.72 | 2120 

9 40 46,650 | + 3670 2.39 5.38 | 1860 

18 | 40 46,650 — 4400 2.56 4.83 | 2070 

10 | 40 46,650 | +4790 3.24 5.58 1790 

11 | 40 46,650 +5520 3.43 5.15 1940 

11 | 40 | 46,650 — 5640 3.15 | 4.63 2160 

Av. 5.04 Av. 1990 

II. | 12 32 30,370 | +4960 2.54 5.21 1920 
12 32 30,370 — 4960 3.33 6.84 1460 

‘ Av. 6.02 | Av. 1660 

III. 67 30.3 35,400 + 4610 3.89 6.94 1440 
64 30.3 | 35,400 — 4430 3.05 5.71 1750 

| Av. 6.32 | Av. 1580 

IV. 18 27.0 | 28,500 + 4460 3.60 7.40 1350 
18 27.0 | 28,500  — 4410 2.92 6.06 1650 

| Av. 6.73 | Av. 1490 

Vv. | 20 44.4 | 52,900 | + 4560 3.62 6.45 1550 
| 20 44.4 | 52,900 | — 4560 3.10 5.52 1810 

| | | | Av. 5.98 Av. 1670 
eS I ek. c weticdckesdeiinnsesaredevess 6.02 | 1660 


This is the same as equation (11) which was derived in our previous 
article. We have here substituted, however, the symbol M for the 
(m — k) which was used in the earlier article and this might be called 


TABLE II. 


Aluminium Wire. 


Coil No.of Resistance Length of Velocity in Q Coul- 





No. Runs. in Ohms. “ae in Cm. Per Sec. ombs X10°. MX104 (O=16.) 1/7 (O=16.) 

I. 14 43.6 38,700 + 3410 2.14 6.80 1470 

| 15 43.6 38,700 — 3410 2.08 6.62 1510 

| 15 43.6 38,700 + 4550 3.11 7.40 1350 

13 | 43.6 38,700 — 4550 2.52 6.02 1660 

10 43.6 38,700 — 5460 2.85 5.68 1760 

| 16 43.6 38,700 + 5630 3.53 6.80 1470 
Av. 6.55 | Av. 1530 

i. | 23 53.5 | 50,600 | +4500 | 2.66 6.02 1660 


| 18 53.5 | 50,600 | — 4560 2.67 5.99 1670 
ae. vee = | = _ Av. 6.00 | Av. 1660 
Average value for aluminium..................-. rrrre iZ 6.27 __ 1590 _ 
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the effective mass associated with one equivalent (7. e., F = 96,540 
coulombs) of electricity. 

It will be seen that we have here a record of the results of 624 indi- 
vidual runs made on a number of different coils, using three kinds of 


TABLE III. 


Silver Wire. 





Coil | No.of Resistance, Length of 


























| | 
No. Runs. | in Ohms. | —" aie. “ombasctot, Mxtot (O=16.)| 1/M (O=16.) 
| | | 
| 44 42 | 51,200 —3300 | 2.76 | 6.62 | 1510 
13 42 | 51,200 +3420 | 2.99 | 6.94 | 1440 
15 | 42 | 51,200 —4550 | 3.86 | 6.71 | 1490 
20 | 42 | 51,200 +4550 | 3.49 | 6.06 | 1650 
11 | «42 | 51,200 +5460 | 4.70 | 6.80 | 1470 
| Av. 6.62 | Av. 1510 
14 63 =| 51,200 | +4670 | 2.47 6.29 | 1590 
11 | 63 51,200 +5410 | 3.00 6.58 | 1520 
ee ee ee See Serene __|_ Av. 6.43) Av. 1550_ 
Il. 34; «31S | -29,930 + 4390 | 3.37 7.69 1300 
33 | o31Ss|«29,930 S- — 4335 2.08 4.78 2090 
| | | Av. 6.23 | Av. 1600 
PG I UII as ck sccesctcctesscasesesecsacss | 6.50 1540 


wire, two different sizes, and two different kinds of insulating binder to 
hold the coils in place. The runs were made with various total resistances 
in the circuit, with various lengths of wire, and at various velocities, 


TABLE IV. 


Description of Coils. 
All coils wound on wooden wheel described in previous article (loc. cit.). 

Copper Coil No. I.—46,550 cm. no. 20 B. & S., double silk-covered magnet wire. Not wound 
as carefully as later coils, alternate layers bound with hot paraffin. 

Copper Coil No. II.—30,370 cm. no. 20 B. & S., double silk-covered magnet wire. Made 
from previous coil by removing outer third of wire. 

Copper Coil No. III.—35,400 cm. no. 18 B. & S., double silk-covered magnet wire. Each 
layer bound with an alcoholic solution of shellac and allowed to dry. 

Copper Coil No. IV.—28,500 cm. no. 18 B. & S., double silk-covered magnet wire. Same 
wire as used in previous coil, unwound and soaked in alcohol to remove shellac, then 
rewound with great care, each layer being bound with paraffin run in well with a hot 
iron and excess paraffin carefully removed. 

Copper Coil No. V.i—52,900 cm. no. 20 B. & S., double silk-covered magnet wire. New wire, 
careful winding, and paraffin binding. 

Aluminium Coil No. I.—38,700 cm. no. 20 B. & S., double silk-covered wire. Shellac binding. 

Aluminium Coil No. II.—50,600 cm. no. 20 B. & S., double silk-covered wire. Paraffin 
binding, new wire. 

Silver Coil No. I.—51,200 cm. no. 20 B. & S., double silk-covered wire. Shellac binding. 

Silver Coil No. II.—29,930 cm. no. 20 B. & S., double silk-covered wire. Made by removing 
part of wire from No. I. 
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rotating sometimes in one direction and sometimes in the other, as 
indicated by the plus and minus signs in the tables. Not only was the 
pulse of electricity every time in the direction which would be predicted 
on the basis of a mobile negative electron as the carrier of electricity, 
but the experiments have led to concordant results for the mass of this 
carrier. 

We believe that this constitutes a reasonably rigid test of the phe- 
nomenon in question but hope in the future to construct an apparatus 
which will eliminate two sources of accidental electromotive force which 
still seem to be present in our apparatus. The first source of trouble 
lies in the binding posts where connection is made with the external 
circuit, and the second more serious source of trouble appears to lie in 
the mechanical buckling of the wire or its slipping relative to the insu- 
lation when the wheel is stopped. We inferred that this latter was an 
important cause of accidental effects, since we found that the more 
carefully we wound and bound the coil the more concordant were the 
results which it gave. We are inclined to believe that this latter source 
of trouble accounts for the somewhat wide deviation of the results 
obtained with copper coil no. I, since this was our first and least carefully 
wound coil. 

In conclusion we may point out that for all three metals copper, 
aluminium and silver the effective mass of the carrier comes out some- 
what larger than the accepted value for the mass of a slow moving 
electron in free space. In free space the mass of the electron may be 
taken as 1/1,845 times that of the hydrogen atom, while we have found 
for the carrier in copper 1/1,660, in aluminium 1/1,590, and in silver 
1/1,540. In our previous article we have mentioned some of the factors 
which might lead to a difference between the effective mass of an electron 
when in free space and when in the body of a metal. It is doubtful, how- 
ever, if our present results are accurate enough to warrant much specu- 
lation of this kind. We hope in the future to construct an apparatus 
which will provide a more accurate determination of the mass of the 
carrier in metals and believe that such results will throw further light 
not only on the constitution of metals but on the nature of the electron 
as well. 

The experimental work recorded in this article was carried out in the 
Chemical Laboratory of the University of California. 


UNIVERSITY OF ILLINOIS AND UNIVERSITY OF CHICAGO, 
October 30, 1916. 
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PROCEEDINGS 


OF THE 


AMERICAN PHYSICAL SOCIETY. 


MINUTES OF THE CHICAGO MEETING. 


HE eighty-fifth meeting of the American Physical Society was held in 
the Ryerson Laboratory of the University of Chicago on Saturday, 
December 2, 1916. There were two sessions, 9:00 A.M. and 2:00 P.M. The 
following program of papers was presented: 
On the Velocity of Sound in Metal Tubes. Kari K. Darrow. 
Collapse of Thin Tubes Shorter than the Critical Length. A. P. CARMAN. 
An Acoustical Thermometer. F. R. WATSON. 
The Intensity-factor in Binaural Localization and an Extension of Weber's 
Law. G. W. STEWART AND O. Hovpa. 
Report of Progress on the Measurement of Earth Rigidity. A. A. MICHEL- 
SON AND HEnry G. GALE. 
The Accuracy with which Gravity may be Predicted at any point in the 
United States. JOHN F. HAyForp. 
A Proposed New Method for the Determination of the Acceleration due to 
Gravity. HERBERT BELL. 
On Some Very Large Variations in the Adsorption of Certain Specimens of 
Charcoal. Harvey B. LEmon. 
The Principle of Similitude. C.S. FAZEv. 
Preliminary Notes on the Torsional Elasticity of Drawn Tungsten Wires. 
L. P. SIEG. 
A Precision Calorimeter for Measuring Heats of Dilution. D. A. MAcINNEsS 
AND J. M. BRAHAM. 
Note on the Amount of Error in Applying to Non-Parallel Plates the For- 
mula for Electrical Capacity of Parallel Plates. L. E. Dopp. 
The Kinetic Theory of Non-Spherical Rigid Molecules. Yosuio IsHIDA. 
The Photo-electric Emission from Crystals of Selenium. F.C. Brown. 
The Production of Light by Cathode Rays in Air. GorDoNn S. FULCHER. 
The Structure of the Bismuth Line at Wave-Length 4722. HENRY G. GALE 
AND LESTER ARONBERG. 
The Single-lined and the Many-lined Spectrum of Mercury. T. C. HEB. 
Note on the Single-lined and the Many-lined Spectrum of Mercury. R. A. 
MILLIKAN. 
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A Single Bar and Yoke Method for the Magnetic Testing of Iron Bars. 
ARTHUR WHITMORE SMITH. 

Measurement of Wave-lengths with the X-ray Spectrometer. ELMER 
DERSHEM. 

An Extension of the Mayer Experiment. R. R. RAMSEy. 

The Optical Constants of Liquid Alloys. CaRrLETon V. KENT. 

Visual Diffusivity. HERBERT E. IVEs. 

The Derivation of the Retarded Potentials. Max Mason. . 

Some Effects of Cross-Magnetizing Fields on Hysteresis. N.H. WILLIAMs. 

A. C. and D. C. Corona in Hydrogen. Joun W. Davis. 

The Magnetic Properties of Fe, Ni and Co above the Curie Point, and 
Keesom’s Theory of Magnetization. EARLE M. TERRY. 

A Simple Method for Determining the Audibility Current of a Telephone 
Receiver. (By title.) Epwarp W. WASHBURN. 

The Mass of the Electric Carrier in Copper, Silver and Aluminium. RICHARD 
C. TOLMAN AND T. DALE STEWART. 

An Experimental and Theoretical Investigation of Binaural Beats. G. W. 
STEWART. 

Contact Electro-motive Forces and the Energy of Emission of Electrons 
under the Influence of Monochromatic Light. R.A. MILLIKAN. 

The Permanence of the Wave-length Sensibility Characteristics of Photo- 
electric Cells. HERBERT E. IVEs. 

An Effect of Light on the Contact Potential of Selenium and Cuprous Oxide. 
E. H. KENNARD AND E. O. DIETERICH. 

A Peculiar Gas-Crystal Resistance Change in Selenium. W. E. TISDALE. 

The Variation in the Blackening of a Photographic Plate with Time of 
Exposure, Total Energy Remaining Constant. P.S. HELMICK. 

Note on the Ionizing Potential of Metallic Vapors. (By title.) H. J. VAN 
DER BIJL. 

A General Method of Producing the Stroboscopic Effect, and its Application 
in the Tonodeik. L. E. Dopp. 

An Apparatus for the Demonstration to an Audience of Simple Harmonic 
Motion. (By title.) PAuL E. KLopstEc. 

A considerable number of members of the Physical Society attended a 
session of the Physics Section of the Central Association of Science and Mathe- 
matics Teachers on Friday afternoon, which was devoted to questions con- 
nected with the teaching of physics. One of the speakers was Professor G. W. 


Stewart, a member of the Council of the Physical Society. 
A. D. COoLe, 


Secretary. 
MINUTES OF THE NEW YORK MEETING. 
HE eighty-sixth meeting of the American Physical Society was held at 
Columbia University, December 26-29, 1916. Sessions on Tuesday 
afternoon, Thursday forenoon and afternoon, and Friday forenoon and after- 
noon were joint sessions with Section B, A. A. A. S., and were held at the 
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School of Journalism. The two sessions on Wednesday were joint sessions 
with Sections B and C, and were held in Havemeyer Hall. The following 
program of papers was presented: 

A Proposed New Form of Seismograph. HERBERT BELL. 

The Velocity of Sound in Gases in Metal Tubes, as a Function of Density. 
KarL K. Darrow. | 

Measurements in Frictional Electricity. L.E.WooDMAN AND N. R. FRENCH. 

The Preparation of Metallic Mirrors, Transparent Metallic Prisms and 
Films by Distillation. Otto STUHLMAN, JR. 

Our Part in the Advancement of World Physical Sciences. L. A. BAUER. 

Some Experiments Concerning Magnet-Photography. L. A. BAUER AND 
W. F. G. Swann. , 

On Growth of Crystal Structure in Selenium. F.C. Brown. 

Experimental Evidence for the Parsons Magneton. L. O. GRONDAHL. 

The Effect of Pressure on the Resistance of Metals and a Possible Theoretical 
Explanation. P. W. BRIDGMAN. 

The Infra-red Absorption Bands of Gases and the Application of the Quantum 
Theory to Molecular Rotations. Epwin C. KEMBLE. 

A Criticism of the Rutherford-Bohr Atomic Hypothesis, based upon a 
Theorem of Phase-equilibrium of two Electrons. ALBERT C. CREHORE. 

A Physical Conception of the Reason for the Existence of Planck’s Constant 
“th” based upon the Classical Electrodynamics. ALBERT C. CREHORE. 

The Magnetization of Iron, Nickel and Cobalt by Rotation and the Nature 
of the Magnetic Molecule. S. J. BARNETT. 

The Internal Structure of Atoms. A.W. HUvuLtL. 

A New Count Method of Determining the Elementary Electrical Charge. 
HARVEY FLETCHER. 

A Lecture Demonstration of the Capture of Ions by Falling Drops. E. P. 
LEWIs AND W. A. SHEWHART. 

Some Undescribed Disintegration Products of Radioactive Elements. 
FANNY R. M. HITCHCOCK. 

Recent Progress in Spectroscopy. (Vice-Presidential Address before 
Section B.) E. P. Lewis. 

The Photo-Electric Effect of Radiations in the Extreme Ultra-violet. 
JAMES BARNES. 

Aluminum and Mercury Atoms under an Electric Field. REINHARD A. 
WETZEL. 

Photography of Spectra in Red and Infra-red Regions. WILLIAM F. MEG- 
GERS. 

A Relationship between Fluorescence and Planck’s Radiation Law. E. H. 
KENNARD. 

The Infra-red Arc Spectra of the Metals of the Fe Group. H. M. RANDALL 
AND E. F. BARKER. 

Some Spectra in the Photographic Infra-red. CHARLES F. MEYER. 
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The Effect of Longitudinal Alternating Magnetic Fields Upon the Hysteresis 
Curves Produced by Slowly Varying Currents in a Series of Iron-Carbon 
Alloys. C.W. WAGGONER AND H. M. FREEMAN. 

Experiments with the Electric Furnace on the Anomalous Dispersion of 
Metallic Vapors. (By title.) ArtTHuR S. KING. 

The Effect of Oxygen on the Production of Band and Line Spectra in the 
Electric Furnace. (By title.) ARTHUR S. KING. 

A Polarization Flicker Photometer. HERBERT E. I VEs. 

Test of Absorption Screen for Optical Pyrometry. E. P. Hypg, F. E. Capy 
AND W. E. FORSYTHE. 

A New Direct-Reading Precision Refractometer with Uniformly Divided 
Scale. G. W. MorFFiTtT. 

The Minimum Potential Required to Excite the Balmer Series of Hydrogen. 
JAMES BARNES. 

Impact of Electrons on Mercury Atoms. C. D. CHILD. 

The Stark Effect. REINHARD A. WETZEL. 

A Proposed Method for Measuring Disturbances in the Earth’s Magnetic 
Field. (By title.) HERBERT BELL. 

The Kathodo-Luminescence Produced by Certain Tribo-Luminescent Salts 
of Zinc. (By title.) C.W. WAGGONER. 

Variations in Glow Discharge Produced by a Longitudinal Magnetic Field. 
R. F. EARHART AND C. B. JOLLIFFE. 

A Time-Current Equation for Making Iron Passive. C. MCCHEYNE Gor- 
DON. 

A Calorimetric Resistance Thermometer. S. LERoy Brown. 

A New Design of Mercury-Break Buzzer for Generating Electrical Oscilla- 
tions, and a Study of the Use of Other Buzzers in Radio Measurements. 
CHARLES Moon. 

The Reflectivity of Tungsten. W. WENIGER AND A. H. PFUND. 

A Determination of C, of Planck’s Radiation Law. (By title.) C. E. 
MENDENBALL. 

The Range of Recoil Atoms from Actinium Emanation. L. W. McCKEEHAN. 

The Intensity of X-ray Spectra. (By title.) ArtTHUR H. Compton. 

The Distribution of the Electrons in Atoms. ARTHUR H. CompTOoN. 

The Effect of Transverse Joints on the Magnetic Induction in Iron and 
Nickel. S. R. WILLIAMs. 

A Resonance Method for Measuring the Phase Difference of Condensers of 
Fixed Capacity and a Comparison of Resonance and Bridge Methods. J. S. 
WARD. 

The Thermophone as a Precision Source of Sound. H. D. ARNOLD AND 
I. B. CRANDALL. 

A Uniformly Sensitive Instrument for the Absolute Measurement of Sound 
Intensity. E. C. WENTE. 

Note on the Ionization Manometer. O. E. BUCKLEY. 
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An Accurate Method for the Determination of Surface Tension. W. D. 
HARKINS AND F. E. Brown. 

Surface Tension, Total Surface Energy, Solubility, Emulsification and 
Polar Setting in Surfaces. W. D. HARKINS. 

The Variation of the Mobility of the Negative Ion with Temperature in Air 
of Constant Density. HENry A. ERIKSON. 

Intensity of Emission of X-rays from Metals. C. S. BRAININ. 

Extension of Recently Published Work on Ionization Potentials. J. C. 
McLENNAN. 

The Significance of Certain New Phenomena Recently Observed in Pre- 
liminary Experiments on the Temperature Coefficient of Contact Potential. 
(By title.) A. E. HENNINGs. 

The Energy of Emission of Photo-electrons from Film-coated and Non 
homogeneous Surfaces: A Theoretical Study. (By title.) A. E. HENNINGs. 

The Possibility of a Science of Experimental Meteorology. B.P. WEINBURG. 

A Proposed Method for the Photometry of Lights of Different Colors. (By 
title.) Irwin G. PRIEST. 


At the joint sessions on Wednesday with Sections B and C, A. A. A. S., the 
following papers were presented by invitation. 

Radiation and Atomic Structure. (Presidential address before the American 
Physical Society.) R.A. MILILIKAN. 

The Atom and Chemical Valence. G. N. LEwIs. 

Molecular Resonance and Atomic Structure. ROBERT W. Woop. 

The Evolution of the Elements as Related to the Structure of the Nuclei 
of Atoms. Wa. D. HARKINs. 

The Relation of Magnetism to the Structure of the Atom. Ww. J. Hum- 
PHREYS. 

The Relations of Magnetism to Molecular Structure. ALBERT P. WILLS. 

The Structure of Solids and Liquids, and the Nature of Inter-atomic Forces. 
IRVING LANGMUIR. 

Electromerism: A Case of Chemical Isomerism Resulting from a Difference 
in Distribution of Valence Atoms. LAUDER W. JONEs. 

The following responded to invitations to discuss the above papers: Wo. 
Duane, A. C. CREHORE and K. G. FALK. Mr. Falk read the dis- 
cussion of J. M. Nelson. The discussion was then thrown open and par- 
ticipated in by W. F. G. Swann, A. G. Webster, M. I. Pupin and others. 

Many physicists attended the address Tuesday evening of the retiring presi- 
dent of the A. A. A. S., Director W. W. Campbell of the Lick Observatory, on 
“The Nebule,” and the special program of Section D, Friday evening, on 
“‘ The Inter-relationship of Engineering and Pure Science.”” This session was 
held at the Engineering Societies Building and was followed by a reception to 
visiting members of the A. A. A. S. 

At a short business session the result of the mail ballot for the election of 
officers was announced. R.A. Millikan, H. A. Bumstead, A. D. Cole and J. S. 
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Ames are reélected president, vice-president, secretary and treasurer re- 
spectively; H. A. Wilson and G. O. Squier are the new members of the Council; 
F. Bedell is reélected managing editor, and O. M. Stewart, N. E. Dorsey and 
Wm. Duane are elected on the editorial board of the PHysicAL REview. The 
reports of the treasurer and the managing editor were presented and on motion, 
accepted. (These will be printed and mailed to all members.) It was an- 
nounced that the next meeting of the Society will probably be in connection 
with the Midwinter Convention of the Amer. Institute of Elec. Engineers at 
New York, February 14-16. 

The subscription dinner on Thursday evening was attended by about eighty, 
and was much enjoyed. The exhibit of new apparatus and results in the Com- 
mons Building was open from 4:00 to 6:00 P.M. daily, and on Friday afternoon 
the instruction and research laboratories for physics in Fayerweather Hall were 
on exhibition, with members of the teaching staff in attendance. For these 
courtesies and many others the Society is indebted to Director Geo. B. Pegram, 
who also had charge of the physics portion of the apparatus exhibit. 

The attendance at this meeting was record-making, about 325 at the joint 
sessions on Wednesday and about 200 at most of the ordinary sessions. The 
number of new members elected at the meeting was forty, which also probably 


establishes a new record. 
A. D. CoLe, 


Secretary. 


NOTE ON THE IONIZING POTENTIAL OF METALLIC VAPORS. 
By H. J. VAN DER BIJL. 


RANCK and Hertz found that when the molecules of mercury vapor are 
struck by electrons with energy corresponding to 4.9 volts, a single line 
spectrum was emitted, the resulting wave-length being 2536 A.U. which, 
according to the quantum relation, Ve = hv, corresponds to an energy equiva- 
lent to 4.9 volts. They furthermore concluded that 4.9 volts was just suf- 
ficient to ionize the mercury vapor. 

It is clear, as has already been pointed out, that this experiment of Franck 
and Hertz does not necessarily show that ionization takes place under the 
influence of 4.9-volt cathode rays, but that the collisions are elastic until the 
colliding electrons have acquired an energy corresponding to 4.9 volts. This 
merely means that when the electron strikes a molecule with 4.9 volts energy, 
it gives up its energy to the molecule, but whether this energy is transformed 
into ionization as well as radiation, as Franck and Hertz assumed, or into 
radiation alone, cannot be decided from their experiment. 

They state, however, that they also find the ionizing potential to be 4.9 
volts when they use Lenard’s method, in which the positive charges resulting 


1 Abstract of a paper presented at the Chicago meeting of the Physical Society, December 
2, 1916. 
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from ionization were supposed to be actually picked out and measured with 
an electrometer. This method is as follows: 

The hot wire cathode P was maintained at a positive potential of 10 volts 
and a platinum gauze D of fine mesh at a potential of 10 + V volts. Electrons 
emitted from P are accelerated by a potential difference of V volts and then 
enter into a retarding field of 10 + V volts. Since under such conditions F is 
always negative with respect to P, no electrons can reach F. If, on the other 
hand, the electrons acquire sufficient energy to ionize the gas between D and 
F, the resulting positive ions will be driven onto F and the electrometer will 
acquire a positive charge. We see, therefore, that this 
method lends a decision regarding the transformation 
of energy by an inelastic impact. 

Later experiments by McLennan, Coucher and others 
show that the electrometer actually acquires a posi- 
a tive charge when the colliding electrons reach 4.9 volts, 

nT || [Hi | * but that the positive charge increases very rapidly 
' when about 10 volts is reached, and then all the lines 

FIG. 1. of the series are emitted. McLennan was led to sup- 
pose that there might be two distinct types of ionization—one requiring the 
energy equivalent of the first line and the other the energy equivalent of 
the limiting line of the series, corresponding for mercury vapor to 4.9 and 
10.27 volts respectively. 

An accurate determination of ionizing potentials would have an important 
bearing on the problem of atomic structure. That an amount of energy corre- 
sponding to the first member of the principal series can represent what we might 
call the ionizing potential does not at present seem capable of satisfactory 
theoretical explanation. In other words, 4.9 volts could not be looked upon 
as the ionizing potential of mercury vapor. The question therefore arises 
whether the positive charge acquired by the electrometer in the experiments 
recorded was actually due to ionization. It seems to me that the answer 
might be found by considering a factor which has thus far been left completely 
out of account, and that is: When the electron acquires energy equivalent to 
4.9 volts in the case of mercury, for example, the corresponding line 2536 is 
emitted. There is thus created a source of ultra-violet light in the tube. 
This light falls on the plate which is connected to the electrometer and so 
can emit electrons from the plate photoelectrically, thus causing the electrom- 
eter to charge up positively. It is just possible that this is what was mea- 
sured. Such a possible effect was not excluded from any of the experiments 
published. This seems the more likely, in view of the fact that the positive 
current increases very slowly from about 5 volts to about 10 volts and then 
shows a very rapid increase, indicating that the positive current obtained for 
voltages between 5 and 10 might have been due to the comparatively small 
photo-electric effect, while for voltages above 10 a current due to intense 
ionization was superimposed upon the photo-current. If therefore it should 
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be found that such a photo-electric effect actually is present to an extent great 
enough to make itself felt, there would be strong reason for believing that 
what we might call the ionizing potential of mercury vapor is more nearly 
represented by 10.27 than by 4.9 volts. This would correspond to the limiting 
line of the series. This would also apply to the determination of the ionizing 
potentials of other elements. 

It may be remarked that such a result, should it receive experimental 
corroboration, would possibly be capable of explanation on Bohr’s theory, 
but there is a question as to whether such a thing as a definite ionizing potential 
of an element exists at all. A discussion of this question I hope to present in 
the near future. 


NEw York Clty. 


THE KATHODO-LUMINESCENCE PRODUCED BY CERTAIN TRIBO-LUMINESCENT 
SALTS OF ZINC.! 


By C. W. WAGGONER. 


HIS paper is a continuation of a pape1? presented at the Columbus meeting 
of the Physical Society, December 28-30, 1915, in which it was shown 
that these compounds give the same character of spectra when excited to give 
Tribo-Luminescence as they give by X-Ray Luminescence. The work was 
extended to include the spectra of these salts when excited by kathode rays, 
and it was found that in those compounds where the spectra were not obscured 
by the kathodo-luminescence of Willemite, the bands are the same as those 
excited by Tribo- and X-Rays., The intensity of the kathodo-luminescence 
was sufficient to make it easily possible to photograph the bands by the use of 
spectrum plates. It appears then that the luminescent spectrum of all these 
salts is independent of the mode of excitation. 


WEST VIRGINIA UNIVERSITY. 


On PHOTOELECTRIC PHOTOMETRY.2 


By JAKOB KuUNz. 


N spite’ of the very numerous investigations carried out in the field of 
photoelectricity there are still very few questions which have been settled 
definitely. Among the open problems appears that of the relation between 
the intensity of light and the photoelectric current. Elester and Geitel and 
Richtmeyer found a linear relation between the two quantities; Lenard con- 
cluded from his measurements also that the photoelectric current is pro- 
portional to the intensity of light. But upon plotting his figures, one finds a 
1 Abstract of a paper presented at the New York meeting of the Physical Society, December 
26--30, 1916. ? 
2 PuysicaL REviEw, Vol. VII., Ser. II., p. 402, 1916. 
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considerable deviation from a straight line. On the other hand, Griffith and 
especially Ives found a large variety of curves. This question has been 
studied in the Nela Research Laboratory at Cleveland, Ohio, during the last 
summer, with various forms of cells. The results point very strongly toward 
a direct proportionality, in fact in most cases straight lines have been obtained. 
But under exceptional conditions marked deviations have been found. The 
light intensity varied in the interval from 1 to 1300; 3 different methods for 
the variation of the light intensity and 4 different methods for the determina- 
tion of the current have been used. The result was in most cases a straight 
line. 


PHYSICAL LABORATORY, 
UNIVERSITY OF ILLINOIS. 





